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CHAPTER 1 

General introduction 





1. GENERAL INTRODUCTION 

1.1 Brief introduction 

Bone morphogenctic protein-4 (BMP-4), a member of the transforming growth 
factor-beta (TGF-ß) superfamily, has retained most of its tunction throughout 
animal evolution for over 500 million years (De Roberlis and Sasai, 1996). Studies 
on BMP-4 indicated that regulation and function of this polypeptide growth factor is 
more or less the same in various species. Next to its ability to induce bone 
formation, BMP-4 appears to be a key mediator in early mesoderm development 
and mesenchymal-epithelial interactions during later stages of development The 
involvement of BMP-4 in heritable bone diseases and Us potential to stimulate bone 
fracture healing raised the question whether BMP-4 could be used for therapeutical 
applications in man. Despite the knowledge that BMP-4 is an important regulator 
through various stages of embryonic and post-natal development, only limited 
information is available about Us genomic organization. This thesis describes the 
first steps in characterizing the expression regulation of the human BMP-4 gene 

1.1.1 Bone 

One of the most intriguing structures in the human body is the skeleton, which 
protects our organs and gives muscles their strength. The major component of the 
skeleton is bone, a very dense and specialized connective tissue. Bone is constantly 
being remodeled due to a fine balance between bone lormalion and degradation in 
order to keep its strength and density during lifetime. The formation ol bone occurs 
during growth and in areas that are under mechanical stress or gravity. In general, 
bone formation can be divided into two types, endochondral bone formation and 
intramembranous osteogenesis (reviewed by Erlebacheler et al., 1995) In the onset 
ol" endochondral bone formation mesenchymal cells condense, proliferate and 
differentiate into chondroblasls (see fig. 1). When such chondroblasts enlarge, a 
process referred to as hypertrophy, specific extracellular matrix proteins are 
secreted. Extracellular cartilage matrix synthesized by these chondroblasls is mainly 
composed of calcium phosphate, proteoglycans and type II collagens Al a latei 
stage the hypertrophic chondrocytes undergo apoptosis and cartilage matrix 
becomes mineralized, which is followed by gradual replacement of the cartilage by 
bone. Blood vessels invade from the perichondrium which cicale the space for 
osleoprogcmtors (osteoblasts) to lay down bone matrix. Osteoclasts come to the 
side, adhere to bone and degrade it by acidification and proteolytic digestion. Aftei 
the bone has been removed, osteoblasts take over and begin to form new bone by 
the secretion ol osteoid, which then becomes mmeraliz.ed (Manolagas and Jilka, 
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1995). In the case of mlramembranous bone formation, no cartilage intermediate is 
formed, but mesenchymal cells condense and differentiate directly into osteoblasts. 

Extracellular matrix 
or newly formed bone (osteoid) 

Hyperlrophied chondroblast 

Osleocyte 

Osteoblast 

Osteoclast 

Mineralized bone 

Fig. 1. Bone remodeling Schematic representation of bone formation and degradation (deiived trom 
Erlebacher ci al . 199'S) 

1.1.2 Growth factors in bone 

Regulation and maintenance of bone formation depends on a complex interaction 
between different cell types. The tight regulation is controlled by the presence of 
local and systemic factors such as growth factors, cytokines, hormones and 
extracellular matrix components (reviewed by Erlebacheler et al., 1995, Siddhanti 
and Quarles, 1994). The growth factors are generally accepted as the most important 
regulators of bone formation Many growth factors are stored in the bone matrix, 
such as the transforming growth factors-betas (TGF-ßs), growth differentiation 
factors (GDFs), bone morphogenetic proteins (BMPs), Fibroblast growth factors 
(FGFs) and insulin-like growth factors (IGFs) (Baylink el al., 1993; Solheim, 1998) 
FGFs play an important role during chondrocyte differentiation and in 
mesenchymal/epithelial interactions (Johnson and Tabin, 1997: Martin. 1998). 
while the IGFs are present in various tissues including skeletal cells and have 
important functions in skeletal growth, particularly during embryonic development. 
The growth I'actors TGF-ß, GDF and BMP belong to one large superl'amily, also 
known as the TGF-ß superfamily, which are structurally related and involved in a 
wide range of developmental processes (reviewed by Centrclla et al. 1994. 

10 General introduction 



Kingsley, 1994). Within this supcrfamily. the TGF-ß family consists ol thiee 
mammalian members. TGF-ß 1 to TGF-ß3. which are involved in growth control. 
extracellular matrix production and embryonic development (Centrella et al . 1994) 
The GDF family, an expanding family within the TGF-ß supcilamily. is especially 
involved in joint formation and is highly related to the BMP lamily (see fig. 2) 
Among the growth factors mentioned, only the members of the BMP family have 
the unique property that they are able to induce the whole cascade oi endochondial 
bone formation. Next to their role in bone formation, the BMPs are involved in a 
wide range of cellular processes including Chemotaxis, proliferation and 
differentiation, and in a variety of developmental biological processes including 
apoplosis, hcmalopoiesis, neural development and morphogenesis (Paralkar et al.. 
1992; Johansson and Wiles, 1995; Hogan, 1996). In fact, the BMPs have been 
implicated in the pattern iormation and morphogenesis of almost all major organs 
(reviewed by Hogan, 1996). 

1.2 The Bone Morphogenetic Proteins (BMPs) 

In 1965 Unst and coworkers showed for the first time that deminerahzed bone 
matrix was able to induce ectopic bone formation in vivo when injected 
subcutaneously or intramuscularly in rats (Unst, 1965). This de novo cartilage and 
bone formation closely resembled the events seen in skeletal development during 
embryogenesis. Several years later, an 18.5 kDa protein was isolated from bovine 
bone, which induced in vivo differentiation ol' mesenchymal cells to cartilage and 
bone tissue, and was named bone morphogenetic protein (BMP) (Unsi et al., 1984). 
To test the ability of BMPs to induce bone formation, BMPs were implanted 
subcutaneously or intramuscularly in mouse or rat (Sampath and Reddi, 1981), 
thereby giving rise to the formation of endochondral bone formation in a similar 
pattern as occurs during embryonic development and fracture repair (Unst, 1965; 
Takaoka et al., 1989; Hall and van Exan, 1982, Reddi, 1981) Recombinant BMPs 
combined with deminerahzed bone matrix also showed induction of ectopic bone 
formation in a rat model (Wozney and Thies, 1988; Rosen et al, 1992) In vitro, 
BMPs were found to stimulate the expression of several bone and cartilage cell 
differentiation markers such as alkaline phosphatase and osteocalcin (Chen et al , 
1991; Davidson, 1995) but to have little effect on cellular proliferation markers 
(Vukicevic el al., 1989; Harris et al., 1995). This supported the hypothesis thai 
BMPs are indeed able to induce ihe whole process of endochondral bone formation. 

'Chicken TGF-ß4 is mammalian TGF-ß I homologue. Xenopus TGF-ß5 is also mosl 
closely related to TGF-ß I 
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1.2.1 Relation with the TGF-ß superfaniilv 

Cloning ol the lirst BMPs in 1988 (Wozney et al 1988) revealed that based on 
their amino atid sequence BMPs belong to the TGF-ß supcrfamily ol growth 
taetors This superlamily enuompasses a group ol structurally related proteins 
involved in a wide range ol developmental processes It currently includes more 
than 50 members, including BMPs GDFs and TGF-ßs, but also activins/inhibins 
and Mullcnan inhibitory substance (MIS) (Centrella et al , 1994, Kingslcy, 1994, 
Wozney and Rosen 1998) The first BMP genes were identified by cDNA library 
screening with a pool of oligonucleotides based on BMP amino acid sequences The 
Inst cDNA clones, obtained from a cDNA library derived Irom the human 
osteosarcoma cell line U 2 OS, were named BMP-1 BMP-2 (also known as BMP-
2a), BMP-l (also known as osteogenin) and BMP-4 (also known as BMP-2b) 
(Wo/ney et al , 1988) In the meantime, other groups (Ozkaynak et al 1990, 
Celeste et al 1990) identified BMP-'S BMP-6 (also known as Vgr-1 ) BMP-7 (also 
known as osteogenic protein-1 or OP-1), BMP-8A (also known as OP-2) and BMP-
SB (also known as OP-3) Based on data from genome projects in combination with 
molecular techniques including a novel gene micro array technology, a series ol 
new tissue and development specific BMPs have been identified (Celeste, Α Τ , 
unpublished) Currently, more than 30 members of the BMP family are known, 
identified in such different vertebrates and invertebrates as the fly, sea urchin 
zebrafish, frog, chicken, mouse, rat, rabbit, goat, sheep, cow, monkey, dog and man 
Based on their sequence homology, the BMP family members can be subdivided 
again m different sublamilies (Hogan, 1996) Figure 2 shows the homology between 
the dilferent members of the BMP-family A global summary ol the expression 
pattern and physiology of the various BMPs is outlined in table 1 

1.2.2. Homologues of BMPs in insects and lower vertebrates 

As mentioned above, sequence homology searches between BMP family members 
have indicated the presence of highly related BMP subfamilies The best studied 
members of the family, BMP-2 and BMP-4 have 92 c/( homology in their C-
terminal region, which encodes the mature lunctional protein Interestingly, a well-
characten/ed Diosoplula protein called Decapentaplegic protein (Dpp) shows high 
homology with these two mammalian BMPs (Padgett et al , 1987), such that BMP-
2/-4 and Dpp are approximately 75 c7c identical based on the amino acid sequence in 
their C-terminal region (Wozney et al , 1988, Massague, 1987) In line with the 
strong conservation ol BMP-4 throughout animal evolution, its biological activity 
turned out to be exchangeable between species liom fly to mammals (reviewed by 
Holley and Ferguson, 1997) Dpp is able to initiate bone lormalion in mammals 
(Sampath et al 1993) while BMP-4 can rescue a Dpp knockout fly (Padgett el al 
1993) This indicates that the biological activity ol BMP 4 has been conserved over 
the 500 million years of evolution between invertebrates and vertebrates (De 
Robertis and Sasai 1996) 
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protein The shorter the connection line, the more related the proteins are This figure was kindly 

piovided hy Ui A T Celeste. Genetics Institute. Cambridge MA 

Dpp is required for several events during Drosophila development, including 
embryonic dorsal-ventral pattern formation, embryonic midgut development and 
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morphogenesis ot imaginai disks (Masucci and Hoflmann. 1993; Staehling-
Hamplon et al.. 1994). Dpp is also involved in dorsal-ventral mesodeim 
development and in proximal-dislal pattern formation of both legs and wings 
(Campbell et al., 1993; Diaz-Bcnjumca and Cohen, 1993; Wall and Hogan. 1994) 
As an extracellular morphogen with molecular sue ot 22-26 kDa (Massagué. 1987) 
Dpp can mediate long-range signalling by acting as a gradient-forming morphogen 
or at short range by modulating cell-cell communications (Irish and Gelbart, 1987; 
Ferguson and Anderson. 1992, Nellen et al , 1996) In the Drosophila embryo and 
in the larva imaginai disc of wing and leg, dorsal-ventral patterning requires the 
establishment of an active Dpp gradient, with high Dpp concentration in dorsal 
tissue and low concentration in ventral tissue, in conjunction with the action of 
several zygotic genes (Campbell el al.. 1993; Nellen et al.. 1996) Null mutations in 
the Dpp gene cause a complete transformation of dorsal epidermis into ventral 
ectoderm (Irish and Gelbart. 1987). 

A similar mechanism as described for Dpp has been found for the BMP-4 
homologue in Xenopus of which a gradient is formed from ventral to dorsal (see fig. 
3). The gradient of BMP-4 found in Xenopus is opposite to that of Dpp in 
Diosoplula, but the molecular basis is the same An nice explanation for this 
reversed orientation is the fact that an inversion of the dorsal-ventral axis had 
occurred between the invertebrates and vertebrates while the body plan is identical, 
as first noted by Etienne Geoffrey-Saint-Hilaire in 1822 (De Robcrtis and Sasai, 
1996) In vertebrates, members of the TGF-ß superfamily are known to be essential 
for correct patterning of the three embryonic germlayers: ectoderm, mesoderm and 
endoderm (reviewed by Graff el al., 1994; Ferguson, 1996) In amphibians a clear 
difference between germ layers is already visible in the oocyte known as the animal 
and vegetal pole, the origin of ectodermal and cndodermal cells, respectively 
Mesoderm forms from the marginal zone cells of the animal pole upon receiving 
maternal signals from the vegital pole. The so-called Nieuwkoop center induces the 
dorsal marginal zone of the embryo to become the Spemann's organizer (node"). 
This organizer, which is the spot where later the blastopore is formed, induces 
dorsal lateral cells of the marginal zone to differentiate into muscles, head 
mesoderm and notochord, and the overlying ectoderm to differentiate into neural 
tissue (see fig. 3). Activin, a member of the TGF-ß superfamily and produced by the 
organizer, has long been believed to act as the dorsal inducing factor thereby 
preventing ventral mesoderm formation. However, in later studies it was shown that 
activin was responsible for dorsal cell fates by antagonizing the ventralizing signal 
encoded by BMP-4 (Holley el al., 1995) Moreover, BMP-4 was found to induce 
ventral mesoderm on its own and was even able to venlralize activin-induced dorsal 
mesoderm in Xenopus (Jones et al., 1996). Thus, activin and BMP-4 have opposing 
effects in mesoderm induction of Xenopus which might also be true for their role in 
mammalian mesoderm formation. 

" The homologue of the organizer in chicken and mice is called node 
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Drosophila Xenopus 

D 
Dpp 

/ ^ ^ \ 

Chordm 
Noggin 

Dpp/BMP4 gradient 

Dpp ^ - v . Sog 

ammoserosa doraal eplderml· 

visceral mesodenn muscle 

BMP4 ^ ^ ^ ^ Chordm, Noggm 

epidermis 

blood muscle 

CNS 

nolochord 

Figure 3. Model ol Dpp/BMP-4 gradient during dorsal \eniial palleming in Dimophila and ΧιΐΗηηι\ 
A) Sog/chordin and noggin arc expressed in the region near ihe blastopoie that aie deleimined to become 
CNS (central nervous system) Ppp/BMP 4 is expressed on the side ol the embryo opposite the 
blastopore In Οη/ΜψΙιιία seereted Dpp Irom the ectodcim acts as an extracellular morphogen to pattern 
the embryonic germ layers Dpp is antagonized on ventral side by Sog In Xinopus the gradienl ol BMP 
4 activity is opposed by chordin and or noggin at the dorsal side (Ferguson 1996) B) Schematic 
representation of (issue that denves from the dorsal (D) and ventral (V) region ol the embryo (Holley et 
al, 1996) 

BMP-4 activity was found to be necessary during gastrulalion lor the production of 
ventral mesoderm, which forms mesenchyme and the hematopoietic system (blood 
cells), whereas the overlying ventral ectoderm forms epidermis or skin (sec lig λ) 
Loss of BMP-4 signaling or the presence of a dominant negative BMP receptor has 
a dorsahzing ellect on mesoderm and ectoderm, which indicates that BMP-4 is 
essential for the formation of ventral mesoderm (Fainsod et al , 1994, Grail et al , 
1994, Steinbesser et al , 1995) Next to the presence of activin and BMPs there arc 
specific molecules expressed by the organizer, such as chordin and noggin, which 
antagonize BMP signalling directly (see upstream BMP-signalling) The discovery 
that active BMP-4 signaling is required for ventral mesoderm formation has put the 
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conventional view, in which dorsal signaling is assumed to be dominant, lully to the 
background. 

1.2.3 Biochemistry of BMPs 

As mentioned before, the primary structure of BMPs shows clear homology to that 
ol' TGF-ß (reviewed by Kingsley. 1994) Like all members ol' the TGF-ß 
superl'amily. the BMPs are synthesized as large inactive dimcric precursor proteins 
(see lig. 4). The precursor proteins consist of a hydrophobic leader sequence, an N-
terminal proregion and a conserved C-termmal region that contains the active 
growth factor sequence. After processing and proteolytic cleavage of the N-terminal 
proregion an active dimer is foi med from this C-terminal region ol" approximately 
32 kDa (114 to 139 amino acids per chain) Proteolytic cleavage occurs al a 
conserved dibasic RXXR site present in Iront of the fust cysteine in BMPs. 
probably by intracellular endoprolcases ol the funn family (Barr. 1991; Cui et al . 
1998), followed by the addition of glycosylation units to the N-lcrminal pro-protein. 
This latter region is not highly conserved within the TGF-ß family, in contrast to the 
mature growth factor encoding C-terminal region, which is characlen/cd by a set of' 
seven highly conserved cysteine residues An important difference between BMPs 
and the TGF-ßs is the presence of seven compared to nine conserved cysteine 
residues in the mature protein part The two extra cysteines present in the prorcgion 
ol TGF-ß are involved in the formation ot two inlcrmolccular disulfide bridges, 
resulting in a proregion dimcr that is able to complex the mature growth factor 
dimcr in a non-covalent inactive complex, known as latent TGF-ß. Since BMPs lack 
these two cysteines, it has been suggested that BMPs arc secreted as bioactive 
proteins immediately after proteolytic cleavage from the proregion (Wozney, 1989) 
Recombinant BMP-7 in mammalian cells is made as a larger soluble complex, 
consisting of mature BMP-7 with complexed precursor non-covalently attached. In 
BMPs, six ol' the seven cysteines in the mature protein form intramolecular disulfide 
bridges resulting in a monomenc cystine knot' (McDonald and Henrickson, 1993). 
The seventh cysteine, present in most, but not all BMPs, is responsible for 
intermolecular dimer formation. In the case of BMP-7, this has been shown 
conclusively using X-ray crystallography (Griffith et al., 1996). BMP dimcrisalion 
can occur both as homodimers and as hcterodimers. Evidence has been presented 
that heterodimcrs, in particular BMP-2/BMP-7 and BMP-4/BMP-7, are more active 
than homodimers, both in vitro (Suzuki et al., 1997) and in vivo (Israel et al., 1996). 
In addition, the formation of heterodimers, which has also been shown for other 
members ol" the TGF-ß superl'amily, may even result in growth factors with altered 
biological activity. In this respect it has been shown that co-expression of BMP-7 
mRNA enhances the ventralizing activity of BMP-4 mRNA in Xenopus (Nishimatsu 
and Thomsen, 1998). Although heteromeric BMPs have stronger biological effects 

Monomer held together by disulfide bridges between three pairs of cystines. 
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than homodimers. bolh in Xenopic mesoderm induction and in bone induction 
assays, there is still no real evidence Ibi the existence of such heterodimcrs in \i\o 
(Nishimatsu and Thomsen. 1998). 

Figure 4 Model of upslream and downstream BMP-4 signal transduction (see text toi details) BMP-4 is 
synlhesized as an inaeuve dimeiic piecursor protein The N-terminal proregion is proteolytically cleaved 
by funn which results in the secretion ot active BMP-4 Aclive BMP-4 can bind lo Us receptor or to Ms 
inhibitors noggin or chordin, which pre\ents receptor binding Sonic hedgehog (Shh) acts as an activator 
of BMP-4 gene expression, which is mediated through the patched reccptoi (Ptc) The hedgehog 
signalling pathway is denved from McMahon, 2000 The BMP-4 type 1 rcceplor recruits the 
continuously active type II receptor, and becomes phosphorylaled by type II receptor upon binding ol 
BMP-4 Smad-1, -5 and -8 arc phosphorylaled by the receptor complex and translocate upon binding to 
the unohosohorvlatcd Smad-4 to the nucleus Smad-6 and -7 inhibit Smad-1 -S and -8 nhosnhorvlation 
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1.3. Physiology of BMPs 

1.3.1 BMPs and (early) embryonic development 

Limb development. At the onset of embryonic bone formation and fracture repair, 
mesenchymal cells condense, proliferate and dillerentiate to chondroblasts 
(chondrogenesis). The condensed cells have already the general shape of the future 
skeletal elements. To induce differentiation of mesenchymal cells into cartilage 
progemtoi cells, an interaction between epithelial and mesenchymal tissue is 
essential. The limb is the skeletal clement of which shape and skeletal patterning 
has been under investigation for several decades (Hall and Exan. 1982). Vertebrate 
limb development depends on mesenchymal-epithelial interactions, in which BMPs 
have now been identified as one of the most important mediators (Chenet al., 1991; 
Francis cl al . 1994) A developing limb starts by folding of the epithelium and 
condensation of the underlying mesenchymal cells forming a so-called limb bud 
(sec lig. 5a). The developing limb bud consists ol undifferentiated mesenchymal 
cells derived from lateral plate mesodeim and a layer of ectoderm at the lateral 
surface of the embryo, the so-called apical ectodermal ridge (AER) (reviewed by 
Tickle and Eichele. 1994; Johnson and Tabin. 1997). FGFs produced by the AER 
stimulate proliferation of the underlying mesenchyme (progress zone), which causes 
directed outgrowth of the limb from proximal to distal position (see fig 5a). In the 
posterior limb bud a signaling center, defined as the /.one ot polarizing activity 
(ZPA), controls anterior-posterior patterning (reviewed by Vogt and Duboule, 
1999). Interaction of ZPA with components of the AER is believed to establish the 
patterning along all three axes of the limb (reviewed by Johnson and Tabin, 1997; 
Martin, 1998). 

Sonic hedgehog (Shh) expressed in ZPA mediates this anterior-posterior 
patterning (Johnson el al., 1994; Vogt and Duboule, 1999). Shh is the vertebrale 
homologue of Drosophiki hedgehog (Hh), a signalling protein that is restricted to 
the cell membrane by hydrophobic interactions which prevents diffusion (Basier 
and Slruhl, 1994, reviewed by McMahon, 2000) Binding of Hh to the Patched 
receptor (Pic) results in activation of downstream genes wingless (Wg) and Dpp 
(Basier et al., 1994). Members of Hh and BMP gene families arc coexpressed al 
numerous sites where epithelial-mesenchymal interactions take place, suggesting 
the existence of a highly conserved developmental signaling pathway (Bitgood el 
al , 1995; Hogan el al., 1999) Evidence accumulates that only a relatively small 
number of morphogens including BMPs, FGFs and hedgehogs coordinate this entire 
patterning process (reviewed by Hogan, 1999). 

FGFs and Shh expressed in the AER promote limb outgrowth and 
stimulate proliferation of the mesenchyme (Niswander and Martin, 1993). During 
the course of limb outgrowth the cells located at the central core of the bud 
differentiate into cartilage while the peripheral cells undergo apoptosis. BMPs 
determine the boundaries and inhibit new bud formation (reviewed by Hogan et al.. 
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1999) In the mouse, several BMPs are coexpressed in the AER around day 10 5 
ρ c but at later stages each of them shows a more distinct and localized expression 
pattern (Hogan. 1996) BMP-2 is expressed in the postenor mesenchyme and 
subsequently around the digits, while BMP-4 is expressed in the postenor and 
anterior mesenchyme and at particularly high levels in the progress zone underneath 
the AER BMP-2, BMP-4 and BMP-7 (OP-1) induce apoptosis in the 
undillcrentialcd mesenchyme while at the same time TGF-ß stimulates the growth 
of the differentiating cartilage (Ganan et al, 1996) BMP-7 overexprcssion results in 
the lack of joint formation, while BMP-2 over-expression leads to extra joints 
(Macias el al , 1997) The pattern distribution ol BMPs. TGF-ß and FGFs specify 
the position of the digital rays and the interdigital space in developing chick limb 
(Ganan et al , 1996) BMP-2 can inhibit cell growth in the chicken wing bud 
(Niswander and Martin, 1993, Yokouchi et al , 1996) The same has been shown lor 
BMP-4 during chicken limb development (Francis et al , 1994) In addition, BMP-4 
induces apoptosis in the interdigital tissues which requires the piesence of BMP 
receptors (Zou and Nishwander, 1996, Yokouchi et al , 1996) Interestingly, BMP-4 
is not detected in the interdigital region of the duck limb bud. explaining the 
presence of webbed feel (Zou and Nishwander, 1996) This indicates thai not only 
bone or cartilage but also the space (jo | n0 formation is regulated by BMPs 

(A) 

Proximal 

(B) 

Enamel knol 

Condensed mesenchyme 

Figure 5. Reciprocal interacuons between epithelium and mesenchyme in limb (A) and tooth (Β) ZPA = 
zone of polarizing activity AER = apical ectodermal ndge (Vogt and Duboule 1999 Vaaktohan et al 
1996) 
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Tooth development: During tooth development a similar process occurs as described 
above for limb development The tooth lorms by folding of the enamel epithelium, 
which is controlled by a signaling center defined as the enamel knot (Vaaktohari et 
al.. 1996) (see fig. 5b). Uncommitted neural crest cells originating from the brain 
need interaction with the overlaid oral ectoderm to form dental pulp cells, 
periodotium and bone cells (Smith and Hall. 1990). BMPs. among other growth 
factors, are secreted by the enamel knot and function as key regulators of tooth 
formation (Ripamonti and Reddi, 1994; Ruch el al., 1995). Knowledge of temporal 
and spatial localization of BMPs during tooth development helps to elucidate the 
cascade of molecular events involved in tooth formation. BMP-2 and BMP-4 
transcripts are present during different stages of the developing tooth bud, 
odontoblast layer and other cramo-facial tissue (Lyons et al . 1990; Jones el al., 
1991). The amount ol' BMP-4 transcripts increases early when extracellular matrix 
proteins proteins are expressed, while BMP-2 transcripts are present at a later stage 
when pulp cells already diflcrcntiate into preodontoblasts (Nakashima ci al.. 1994). 
BMP-4 is released by young dental epithelium at the initiation stage of mammalian 
tooth development (Lyons el al . 1990. Vaimo et al.. 1993). Furthermore, BMP-4 is 
upregulated during preondonloblast differentiation, at day 14 of development (Ruch 
et aL 1995). 

In tooth it has been shown for the first lime that BMP-4 can regulate its 
own expression (Vaimo et al.. 1993). In addition. BMP-4 is absent in cells 
transfecled with a truncated, dominant-negative BMP receptor, indicating that 
autoregulation is mediated by the BMP receptor (Zou and Nishwander. 1996). 
Several target genes downstream of the BMP-4 signaling pathway have been 
identified during tooth development Well-known are the genes encoding for the 
muscle segment homeobox (Msx) proteins Msx-1 (Hox-7) and Msx-2 (Hox-8), of 
which the Msx-2 gene is strongly expressed in preodontoblasts in vivo just before 
the onset ol' terminal differentiation (Jowell et al., 1993, Ruch el al., 1995). 
Activation ol" Msx genes by BMP-4 also occurs during limb development, with the 
same underlying molecular pathway as observed in tooth The Msx proteins are 
tightly regulated by various growth factors involved in pattern development 
(reviewed by Davidson, 1995; Chen et al., 1996). In limb bud formation, FGF 
stimulates Msx expression by inducing proliferation of interdigli tissue cells, 
whereas TGF-ß inhibits Msx expression resulting in new digit formation BMPs 
induce inlerdigital apotosis in developing limb through activation of Msx, which 
subsequently leads lo interdigli lormation. The activation of homeobox genes by 
BMP-4 has also been shown for Dpp in Drosophila (Pangamban et al., 1990). 

Neural development- During embryonic development and aduli stages 
several BMPs are expressed in the brain, which are involved in the regulation of 
neural development (Jones et al., 1991). Within the ectoderm, BMPs inhibit 
neuronal development, promote epidermal differentiation (see 1.2.2 above) and 

Transient cluster of dental epithelial cells 
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influence the spccilicalion ol dorsal neurons and neuronal crest cells (reviewed by 
Mehler el al., 1997; Barth el al. 1999) The effects of BMPs dunng neural 
development are rather complex, as illustrated by the effect of BMP-2 on cortical 
cells m vitro (Mabie et al . 1999). Low concentrations of BMP-2 piomote ncuional 
and astroglial differentiation, while high concentrations promote cell death (Paralkai 
el al., 1992; Mabie el al., 1999) Induction of brain cell death has also been lound 
for BMP-4, which has shown to mediate apoptosis of neural crest cells when 
selectively expressed in the chicken hindbrain at the dorsal site of rhombomcre 3 
and 5 (Graham et al., 1994). Through interaction with adjacent rhombomcres, BMP-
4 upregulates its own expression and induces the expression of Msx-2 (Graham et 
al., 1994). Recently, BMPs have been found to induce neurogenesis in neural crest 
cultures and to be essential for sympathetic neuron development m vivo (Schneidei 
et al., 1999). Although the involvement of BMPs in neural development and its 
potential role in sympathclic neuron generation is an interesting and expanding 
topic, the current knowledge suggest a rather complex BMP regulation machinery 

In general, BMP-4 can be considered as a key mediator in epithelial-
mesenchymal interactions during the formation of tissues from epithelial and 
mesenchymal cells with a molecular basis that is very similar for limb and loolh 
development (reviewed by Hogan, 1999). This may also hold lor the function of 
BMP-4 in epithelial-mesenchymal interactions during development of such 
important organs as heart, lung and eye (Schultheiss et al.. 1997; Bellusci et al., 
1996; Furula and Hogan, 1999). 

1.3.2 BMP knockout phenotypes 

Function of BMPs and other TGF-ß superfamily members during the first steps of 
development has been studied intensively in invertebrates and lower vertebrates. 
Important knowledge about their role in mammalian development has been obtained 
by the generation of BMP knockout mice. The phenotype ot these BMP knockouts 
fully underlines the diverse and specific roles of BMPs in early development 
(summarized in table 1). BMP-2 knockout mice die between day 7 5 and 9.5 and 
similar to BMP-4 knockout mice (see below) they are disturbed in mesoderm 
formation (Zhang and Bradley, 1996). BMP-7 (OP-1) knockout mice show only few 
skeletal anomalies, but show impaired eye development and have no kidneys, as a 
result of which they die shortly after birth (Dudley et al., 1995). So-called 'ihort 
ear' mice, who have a naturally occurring mutation in the BMP-5 gene, show 
defects in a number of skeletal elements, including the ear, sternum and ribs 
(Kingslcy et al., 1992). The observation that some homozygote BMP-null mutants 
have relatively small abnormalities in discrete skeletal areas, is probably due to 
overlapping expression patterns ol' the various family members (see table 1 ) In 
addition, most heterozygote BMP mutants are viable and show normal 
development, however with a few exceptions BMP-2/BMP-7 and BMP-5/BMP-7 
heterozygous double knockout mice have no abnormalities, but heterozygous BMP-
4/BMP-7 knockout mice show defects in the distal part of limbs (digits) and rib 
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cage (attachment of the sternum to the ribs) (Katagiri et al., 1998) This indicates 
that different BMPs can be involved in the same pathway at a specific site of the 
body. 

BMPs are highly related in structure and function to the GDF family of 
which knockout mice underline the diverse and specific roles of these proteins in 
mammals So-called brachxpodism mice, which have a naturally occurring mutation 
in the GDF-5 gene, have short limbs and defects in a specifc subset of the joints 
(Storm et al., 1994). Mutations in the human homologue of the mouse GDF-5 gene 
result in diseases similar to the ''braclnpodi.sin' mice known as acromesomelic 
chondroplasia and chondrodysplasia (Thomas et al., 1997) The GDF-6 and GDF-7 
knockout mice support the hypothesis that GDFs play an essential role in vertebrate 
joint formation (Kingsley, 1994; Storm ci al., 1994). GDF-8 knockout mice show an 
increase in skeletal muscle mass indicating that GDF-8 (myostalin) negatively 
regulates the growth of skeletal muscles (McPherron et al., 1997). Next to severe 
effects during early and late embryonic development, some BMP knockout mice 
show defects in the reproductive system which become visible at adult stage (see 
table 1). BMP-8a and BMP-8b knockout mice develop normally, but show defects 
in spermatogenesis accompanied by germ cell degeneration (Zhao et al, 1998; Zhao 
et al., 1996). Recent data show that also in BMP-4 knockout mice (see below) no 
formation of primordial germ cells occurs (Lawson el al., 1999). However, the 
effect in adults is unknown since BMP-4 knockout mice already die before 
gaslrulation occurs (Winnier et al., 1995). Female knockout mice of GDF-9 are 
infertile (Dong el al., 1996), while expression studies show thai BMP-15 and GDF-
9 are both expressed in the oocytes (Dong et al, 1996). 

Although data obtained by knockout BMP mice are very complex, they 
greatly facilitate to understand how different BMPs function throughout mammalian 
development. From these in vivo data it can be concluded that BMPs have a wide 
range of specific effects tightly depending on the place, time and level of their 
expression during development BMP-4 knockout phcnotype: The expression of 
BMP-4 at the right time, place and concentration is of crucial importance for proper 
mammalian development and fully depends on transcriptional control of its 
encoding gene. Direct evidence for its role has been obtained by the generation of 
null mutants in the mouse BMP-4 gene. Inactivation of the BMP-4 gene in mice 
disrupts mesoderm development, which underlines that BMP-4 is involved in the 
earliest cell fate decisions in the vertebrate embryo (Winnier et al., 1995). Most 
BMP-4 knockout mice die during gaslrulation between day 6.5 and day 9 5 p.c. at 
the time the patterning of the embryo takes place (Winnier et al., 1995; Beddington 
and Robertson, 1999). Comparison with wild-lype mice indicates that BMP-4 is 
essential for proliferation and differentiation of extraembryonic mesoderm, 
including blood islands in the yolk sac and posterior mesoderm (Winnier and 
Robertson, 1995) More data accumulate thai BMP-4 is involved in the induction of 
extraembryonic mesodermal-denved tissue in mammals, which is essential for 
survival in utero (reviewed by Beddington et al , 1999). BMP-4 knockout mice 
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contain no allantois and primordial germ cells (PGCs), cell types that arise Irom 
precursors located in the proximal epiblast bclore gastrulation (Lavvson et al.. 1999). 
Expression of BMP-4 at earlier stages m the extraembryonic ectoderm is thought to 
result in a secreted signal that is essential for the formation of allantois and PGCs 
(Lawsonctal., 1999). 

Comparison of the characteristics of BMP-4 knockout mice with those of 
closely related BMP genes and their receptors might help to identify specific target 
genes of BMP-4, as well as factors involved in upstream BMP-4 gene regulation. 
As mentioned before, BMP-2 knockout mice die between day 7.5 and 9.5 days and 
similar to BMP-4 knockout mice they are disturbed in mesoderm formation (Zhang 
and Bradley, 1996). BMP-2 deficient mice also have amnion/chorion malformations 
and defects in cardiac development. Mice with a null mutation in BMPR-IA 
(ALK3), one of the receptors for BMP-4 and BMP-2, die at day 7.5 p.c without 
mesoderm formation. BMP-2 and BMP-4 deficient mice are both embryonic lethal 
but their phcnolype is less severe than that the BMPR-IA knockout mice, suggesting 
functional redundancy among BMPs (Mishina et al., 1995) This indicates that 
closely related BMPs and their receptors, which are involved in overlapping 
processes or signal transduction routes, show a similar phcnolype in knockout mice. 
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BMPs 

BMP-2 (H) 
(BMP-2a) 

BMP-4 (H) 
(BMP-2b) 

BMP-15(H) 
GDF-9 
BMP-16(H) 
BMP-3 (H) 
BMP-5 (H) 

BMP-6 (H) 

Vg-1 (X) 
BMP-7 (H) 
(OP-1) 
BMP-8a (H) 
BMP-8b (H) 
(PC-8) 
BMP-9 (H) 

BMP-IO(H) 
Myoslatin 
BMP-11 (H) 
BMP-12(H) 
GDF-10 
(BMP3B) 

BMP-13(H) 
GDF-5 (m) 
Vgr-2 (X) 
BMP-14(H) 

Homologue 

Dpp (D) 

PC-3 (M) 

Nodal (M) 
Osteogenin (Β) 
60Α (D) 

Vgr-1 (M) 

OP-2 (M) 
OP-3 (M) 

Dorasalin-l 

GDF-8 
GDF-ll (M) 
GDF-7 (M) 
Sumitomo-Bip 

GDF-6 (M) 
Radai (Z) 
CDMP-1 (H) 
GDF-3 (M) 
GDF-I2(M) 

Expression pattern and Physiology 

Apical ectodermal ridge of limb buds; developing hair; 
condensing precartilagcous mesenchyme; myogenic layer 
of developing car; dorsal-ventral pattern formation 
Mesoderm in posterior streak; craniofacial development; 
limb bud formation; cardiac development; neurepithehum; 
Lung; liver; spleen 

Expressed in oocytes; essential for female fertility 

Node and axial mesoderm formation 
Lung 
Lung, liver, skeletal condensation; involved in external ear 
formation 
Along anterior axis of central nervous system, suprabasal 
layers of keratinized epithelium; lung; (hypertrophic 
cartilage); roof plate 
Vegetal pole of Xenopus oocyte 
Kidney development, heart, brain, lung and bladder 

Germ cells of testis (maintenance of spermatogenesis) 

Expressed in liver; low bone induction, stimulate 
proteoglycan and collagen synthesis. 
Heart; in mouse also lung and liver 
Expressed in somites; skeletal musscle formation 
Mesoderm in primitive streak and tail bud 
Expressed in tendon ligaments, digit joints; roof plate 
Developing skeletal structures, Brain, uterus 

Expressed in ligaments, elbow and wrist joints 
Expressed in joints of developing limb 
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Knockout phenotype (null mutation) Reference 

Lethal before birth; defects in amnion layer, chorion and 
heart; mesoderm defects; die in day 7.5 to 9.5 p.c 
Lethal before birth; defects in amnion layer, chorion and 
heart; fail to proceed beyond the egg cylinder stage; 
mesoderm defects; developmentally retarded; die 
between day 6.5 and 9.5 p.c. 
Female infertility, failed follicular development 

Arrest at early gastrulation; no embryonic mesoderm 

'Short ear' , miss skeletal elements, including ear, 
sternum and ribs. 
Viable; Delay in ossification of developing sternum 

Few skeletal abnomalies; no kidney; impaired eye 
development 
Testis degeneration; germ eel degeneration in adult 
Defects in spermatogenesis and male infertility 

Regulation of cell differentiatio along the ventral axis of 
the neural tube. 

Increase in skeletal musscle mass 
Disturbed anterior/posterior patterning of axial skeleton 
Joint defects 
No obvious abnormalities 

Joint defects 
'Brachyopodism' ; short limbs and joint defects 

Wozney el al , 1988, Zhang 
andBiadley 1996 

Wozney et al , 1988, Winnier 
et al , 1995, Mac Auley el al . 
1993. Lawsonctal. 1998 

Dongetal, 1996 

Wozney et al. 1988 
Celeste et al, 1990, Kmgsley 
et al , 1992 

Ozkaynak et al, 1990, 
Sampath et al , 1993; Dudley 
et al, 1995 
Zhao et al, 1998, Zhao et al, 
1996, Ozkaynak et al, 1990 

McPheronetal , 1997 

McPheron et al , 1999 
Kingsley el al, 1994 
Zhao et al, 1999 

Storm et al . 1996 
Storm,'94, Storm et al , 1996 

Table I Summary of BMRs and iheir homologues Indicated are tissue specific expression pattern and 
physiological role together with homozygote knockout phenotype in mice (H) = human, (M) = mouse, 
(D) = Diosophila, (X) = Xenopus , (B) = bovine and (Z) = Zebrafish 
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1.4. Signaling of BMP-4 

1.4.1 BMP-4 gene regulation 

Activation of' gene transcription is one of the key processes in controlling cell 
growth, differentiation, embryonic development and responses to external signals. 
The mechanism regulatmg mammalian BMP-4 gene expression is still largely 
unknown. A comparison of the human BMP-4, mouse BMP-4 and Dmsophiki Dpp 
gene shows that at least five exons are responsible for the various transcripts as 
shown in detail in this thesis for the human gene. Although the BMP-4 genomic 
DNA sequences arc different between species, the global exon/mtron-orgamzation 
seems to be very similar The Drosophila Dpp gene consists of at least four 
alternative promoters, ranging over 50 kb of DNA including enhancer elements, 
which give rise to transcription of live different mRNAs (St Johnston et al., 1990; 
Masucci and Hoffmann, 1993). All four promoters are used in a tissue and 
development specific manner. The promoters in the Dpp gene contribute to the 
overall pattern of expression of a single protein-coding sequence (Masucci and 
Hoffmann, 1993). Although the mouse gene has been cloned, the functionality of 
regulatory elements involved in its expression still has to be elucidated. The mouse 
BMP-4 gene consists of five exons and two promoters (Kunhara et al., 1993; Feng 
et al., 1995). Analysis of the mouse BMP-4 promoter 1, upstream exon 1, in 
MC3T3-E1 cells using transient transfection assays indicated the presence of both 
positive and negative regulatory elements (Feng el al., 1995) A steroid orphan 
receptor COUP-TFI showed binding to an element present in promoter 1 and 
inhibited expression of a promoter-driven reporter construct in rat calvarial cells 
(Feng et al., 1995). In addition, a negative controlling element designated E-box has 
recently been identified in the mouse promoter 1 (Ebara et al., 1997). Comparison 
of the mouse promoters reveals that BMP-4 transcription initiation is not specified 
by the presence of TATA sequences, as is also true for the Dpp promoters in 
Dmsophiki (Kurihara el al, 1993; Feng et al., 1995; St.Johnston et al., 1990). 
Several GC-rich sequences, known as Sp-I binding elements, are present near the 
transcription initiation site and are probably involved in transcription initiation, as 
shown in this thesis. 

1.4.2 BMP-4 transcripts 

In Xenopus, BMP-4 and BMP-2 transcripts are already present in the unfertilized 
egg as maternal RNA (Jones et al , 1991). BMP-4 transcription is detected Irom 
stage 10 to stage 28 at the mRNA level. BMP-4 mRNA is uniformly expressed on 
the ventral side of the developing embryo at the onset of gastrulalion (Fainsod et al . 
1994, Schmidt et al., 1995). This is opposite to BMP-2 mRNA which is present in 
the oocyte, but rapidly declines after stage 10 (Fainsod et al , 1994; Schmidt et al., 
1995). During early gastrulalion and thereafter BMP-4 transcripts arc present in the 
entire embryo except at the dorsal side (Schmidt et al., 1995) This is identical again 
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to the situation observed in Drosophila where Dpp transcripts are localized in the 
dorsal region that gives rise to ammoserosa and dorsal epidermis (St Johnston and 
Gelbart, 1987) During mouse embryogenesis. BMP-4 transcripts are present during 
various stages of development in the kidney, tooth, lung, heart, gut. whisker hair 
lollicles, limb buds and craniofacial mesenchyme (Jones et al., 1991) The BMP-4 
transcripts detected in fly, frog and mouse show high homology in coding sequence, 
which again strengthens the hypothesis that the function of the BMP-4 protein is 
highly conserved throughout evolution. However, there are large diflerences in the 
non-coding sequences of BMP-4 transcripts, not only between species but also 
within a given species, depending on the developmental stage and site of 
expression. In most BMP-4 transcripts present in vertebrates there is a non-coding 
leader sequence in front of the ATG translation start codon. This ATG is not 
embedded in a perfect Kozak sequence (CCATGG), but the conservation of the 
ATG and the size of the translated BMP-4 protein in different species suggests that 
it is indeed the start codon. The total coding sequence of BMP-4 is approximately 
1625 bp resulting in a precursor protein of around 60 kDa. Two alternative 
transcripts of the human BMP-4 gene were already known which are identical in the 
coding region but differ in their 5'-non-coding region (Wozncy et al., 1988, Chen ct 
al., 1993). Interestingly, an alternatively spliced BMP-4 transcript has been 
identified in the placenta (Oida et al., 1995), which is different from the other two 
transcripts in the 5' sequence, which may lead to a truncated protein at the N-
terminal side due to the absence of six amino acids (Oida el al., 1995). The 
identification of yet another BMP-4 transcript (this thesis) suggests a complex 
transcription regulation pattern in man. 

1.4.3 Upstream of BMP-4 signal transduction 

The organizer molecules chordin (Chd) and noggin (Nog) arc generally accepted as 
factors that antagonize the action of BMP-4 by direct protein-protein interaction 
(Holley et al., 1996; Piccolo el al., 1996; Zimmerman el al., 1996). These molecules 
are expressed in the organizer and block BMP-4 activity, which results in a 
localized effect and competition with the BMP-receptor for binding BMP-4 (see fig. 
3 and fig. 4). Noggin is expressed in limb cartilage at later stages of development. 
Mice deficient for noggin express high amounts of cartilage and display failures in 
joint formation (Brunet et al., 1998). BMP-4 promotes epidermal tissue formation 
from ventral ectoderm, while chordin promotes neural tissue by antagonizing BMP-
4 activity in dorsal ectoderm (Sasai et al., 1995). Moreover, BMP-4 addition to cells 
fated to become neural tissue differentiates them to epidermal cells (Wilson and 
Hemmati-Brivanlou, 1995). In Drosophila the action ol' Dpp is opposed by a 
gradient of short gaslrulalion (Sog , the homologue of Xenopus Chd) from ventral 
to dorsal, which binds to Dpp thereby preventing the downstream activation of the 

1 Sog is a large cysteine-nch extracellular protein. 

Chapter 1 27 



Dpp receptor. Tolloid (Tld), a protease involved in dorsal ventral specification in 
Drosophila (Shimell et al., 1991), opposes the inhibitory effect of Sog on Dpp 
activity: Tld cleaves the Sog protein, which results in a release of Dpp. This 
regulatory mechanism is also present in vertebrates where BMP-1 can release BMP-
4 by cleavage of antagonist Chd or Nog, allowing BMP-4 to bind and activate its 
signaling receptor (Piccolo et al., 1996; Piccolo et al., 1997). BMP-1 is structurally 
very di Herent from the other BMPs: it is highly homologous to Tolloid, and was 
first isolated in bone-inducing fractions together with other BMPs but did not show 
homology with other members of the TGF-ß family (Wozney et al., 1988). Before 
the role of furin in proteolytic cleavage of BMP had been established, BMP-1 was 
assumed to be involved in this process Today, homologues of BMP1 have also 
been identified in Xenopus and zebrafish, which have been named Xolloid and Zlld 
respectively (reviewed by Mulhns, 1998). Besides cleavage of BMP-4 inhibitory 
proteins, BMP-1 has also been shown to function as a procollagen activating 
proteinase in mice (Suzuki et al , 1996). 

1.4.4. Downstream of BMP-4 signal transduction 

BMP-4 action requires the presence of a specific set of receptors, as is the case for 
all members of the TGF-ß superfamily. Receptors for BMP-4 have first been 
characterized in the mouse osteoblastic cell line MC3T3-E1 and the fibroblastic cell 
line NIH3T3 (Paralkar el al., 1991). A high affinity receptor complex was identified 
consisting of two subunils of approximately 60 kDa and 80 kDa, later identified as 
the type I and type II receptors respectively. Both the type I receptors for BMPs 
(ALK-2, ALK-3 and ALK-6) and the type II receptors for BMPs (BMPR-II, ACTR-
II and ACTR-IIB) are transmembrane serine/threonine kinase receptors which are 
required in combination for signaling. The type I receptor binds the constitutively 
active type II receptor, and becomes phosphorylated by type II receptor following 
binding of BMP to the complex (see fig. 4). The BMP type I and II receptors exist 
as letramcnc complex in the presence of ligand. This differs from e.g. TGF-ß 
signaling, where the type II receptor (TßR-II) first has to bind TGF-ß before it is 
able to recruit the type I receptor (TßR-I) to form a tetrameric complex, followed by 
activation of the type I receptor via Iransphosphorylation by the type II receptor 
(Wranaetal., 1994). 

In Drosophila two type I Dpp receptors named thick veins (Tkv) and 
saxophone (Sax), and a single type II Dpp receptor named Punt have been identified 
(Ruberie el al., 1995). In Drosophila a heterodimer of Dpp and another member of 
the TGF-ß superfamily, called Screw7 (Sew), is present (Arora et al., 1994). 
Recently, it has been shown that Dpp acts through binding to Tkv and that Sew acts 

1 A secreted zinc mclalloprotease. 
Screw is a member of the TGF-ß superfamily and forms a heterodimer with DPP 

(see section BMP structure). 
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through binding to Sax (Neul and Ferguson. 1998; Nguyen et al.. 1998). This then 
result in the formation ol a tetramene complex consisting of two different type I and 
two similar type II receptors (Nguyen et al . 1998) It has been shown that Sog. 
which is known to bind and antagonize Dpp activity, can also block Sew ticlion by 
forming an inhibitory complex (Neul and Ferguson, 1998; Nguyen el al . 1998). 
Binding of Sew to Sog prevents the formation of Dpp/Scw helerodimcrs, which 
inhibits signalling through Tkv and Sax. This indicates that Sog can influence both 
the action of homodimers and helerodimcrs giving an extia dimension to upstream 
BMP signaling. 

Genetic analysis in Drosoplula identified two genes, Mothers against Dpp 
(Mad) and Medea (Med), that act as enhancers of weak Dpp mutants (Sekelsky et 
al., 1995). Smads8, the vertebrate homologues oi Drosophila Mad, arc cytoplasmic 
transcription factors lhat upon phosphorylation translocate as a complex to the 
nucleus (reviewed by Derynek el al., 1998). The activated BMP receptor complex 
phosphorylates Smad proteins on their C-lerminus (also known as MH2 domain), 
which then act as downstream components of the intracellular signaling pathway 
(reviewed by Massagué et al., 1997). Smads contain a Sei-Ser-X-Ser motif in their 
C-termmi, in which the last two serine residues become phosphorylated upon 
binding to the activated type I receptor. TGF-ß and activin receptors phosphorylate 
Smad-2 and Smad-3 (Nakao et al , 1997), whereas BMP receptors phosphorylate 
Smads -I, -5, and -8 (Graff el al., 1994; Hoodlcss el al., 1996). Receptor-activated 
Smads oligomeriz.c in the cyloplasm with a non-phosphorylaled member of a 
separate subfamily, Smad-4, resulting in a trimeric complex that is subsequenlly 
translocated to the nucleus, where il can activate gene transcriplion (Hoodlcss el a! , 
1996; Massagué et al., 1997). 

Smads can either directly act as nuclear transcription factor or interact with 
other transcription factors to activate various transcription pathways (reviewed by 
Derynek el al., 1998). In the nucleus, Smad-3 and Smad-4 (but not Smad-2) contact 
DNA via their conserved N-terminal domain (known as the MHI domain) and 
associale with DNA-binding cofactors via their MHI or MH2 domains (Wotton et 
al., 1999). Upon TGF-ß or activin signaling, a Smad-2/-3/-4 complex binds to Fast-
1 which can activate the homeotic Mix2 gene (Chen el al., 1997), while in ihc BMP-
4 pathway the Smad-l/-5/-4 complex for example can activate the homeotic Tlx-2 
gene likely in co-operation with a Smad interacting transcription factor (Tang et al., 
1998). Interestingly, the Smad-l/-5/-4 complex has been shown to be present in the 
nucleus of bone forming cells during fracture healing. Some of the Smads can 
actually mimic the effects of BMPs. Overexpression of mammalian Smad-1 causes 
ventralization of the Xenopus embryo similar to BMP-4 action (Wilson el al , 1997). 

Next to signal transducing Smads, also Smads with inhibitory activity have 
been identified which seem to function as negative feedback regulators. Smad-6 and 

8 Smad is a combination of the words Mad (Drosophila) and Sina, which is the 
homologue of Mad in C. elegans. 
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Smad-7, which lack the SSXS motif present in the MH2 domain ol other Smads. 
inhibit signaling ot Smads at the receptor level (Imamura el al.. 1997, Hayashi el al.. 
1997) Smad-7, which is expressed in response to TGF-ß signaling, binds to the 
TGF-ß receptor and thereby prevents the binding and phosphorylation ol' Smad-2 
and Smad-3 (Nakao el al., 1997) Xenopm Smad-7 was found to be induced by 
BMP-4 and to antagonize BMP-4 activity during embryonic development in 
Xenopus (Nakayama et al., 1998). Such negative feedback is also present in 
Drosophila, where "Daughters against Dpp (Dad)" is transcriptionally activated by 
Dpp and subsequently blocks Dpp signaling (Tsunei/umi et al , 1997). Recently, a 
nuclear repressor of Dpp transcription has been identified as the brinker (Brk) gene 
(Campbell and Tomlinson. 1999: Jawinzka el al . 1999). Loss ol' Brk activity is 
associated with effects that correspond to low or intermediate levels of Dpp. Brk is 
activated by the Dpp receptor Tkv and acts downstream of Mad. 

1.5. Clinical aspects of Bone Morphogenetic Proteins 

1.5.1 BMP-4 and genetic bone disease 

The BMP genes arc widely dispersed throughout the human genome (Tabas et al . 
1991; Tabas et al.. 1993). Some chromosomal locations of BMP genes correspond 
with loci linked to disordeis in cartilage and bone (McKusick, 1994). Initially, both 
BMP-2 and BMP-4 were thought to be involved in fibrocly.splasia ossificans 
progessivci (FOP). FOP is a rare autosomal-dominant disorder of progressive 
ossification of soft connective tissue, characten/.ed by malformations of hands and 
feet. The reduced pulmonary function is often lethal, as the rib cage becomes 
encased in heterotopic bone. Interestingly, the pattern of the disease shows 
developmental gradients during lifetime, which shows similarities with the 
developmental gradients caused by the BMP-4 homologue (Dpp) in Drosophila 
(Kaplan et al., 1990). At the end of 1996 it became evident that the BMP-4 gene 
was indeed involved in FOP (Shafnt? et al., 1996). Infiltration of lymphocytes into 
the muscles is one of the earliest events that occur during heterotopic bone 
formation in FOP patients. It has been shown that these lymphocytes overproduce 
BMP-4, which is not the case in lymphocytes of unaffected persons. The hypothesis 
that heterotopic ossification in FOP may be propagated by circulating cells of the 
lymph system which overexprcss BMP-4, is supported by studies with transgenic 
mice that overexprcss BMP-4 in their Β lymphocytes (O'Conner, J. P., personal 
communication). Disrcgulalion of the BMP-4 promoter activity could therefore well 
be an explanation for the observed overexpression of BMP-4 in FOP patients. 

In chapter 1 of this thesis we have also suggested a role for BMP-4 in a 
bone disease called the Holt-Oram syndrome (HOS). This syndrome is a multi-gene 
heritable disease influencing skeletal and cardiac development (Terrei et al., 1994). 
Although the BMP-4 gene is localized in a region thai has been implicated in HOS 
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(Braulke et al., 1991, Turleau et al., 1984), another gene named TBXS' was 
identified as the gene involved m HOS (Li et al. 1997) 

1.5.2 BMP-4 and fracture healing 

The fracture healing capacity of bone indicates that it contains osteoinductive 
proteins that play a direct role in fracture repair (Wozney and Rosen, 1998; Bostrom 
and Camacho, 1998). Osteogenesis during fracture healing closely resembles the 
various stages of inlramembranous and endochondral bone formation that take place 
during embryonic development. As mentioned above. BMP-4 was first identified 
because of this bone inducing capacity (Wozney el al . 1988). Recombinant BMP-4 
combined with demineralized bone matrix was able to induce the formation of 
cartilage in a rat ectopic bone formation model (Hammonds et al, 1991) In 
addition, recombinant BMP-4 stimulated proteoglycan synthesis, type II collagen 
synthesis and alkaline phosphatase activity in embryonic chick limb bud mesoderm 
cells (Chen et al., 1991). During the entire process of fracture healing in tats, BMP-
2 and BMP-4 are continuously present, also during late endochondral ossification 
(after day 14), while BMP-7 is only present at the initial phase ol repair (Omshi et 
al., 1998). BMP-4 transcripts arc present in undiflerenlialed progenitors during 
early stages of repair in rats (Nakase el al., 1994). In addition. BMP-4 protein has 
been detected by immunohistochemical techniques during the onsel of fracture 
healing (Bostrom et al., 1995). Three days after fracturing BMP-4, BMP-2 and 
BMP-7 are strongly uprcgulated, together with their receptors, in proliferating 
osteogenic cells in the periosteum near fracture ends (Omshi el al., 1998). On day 7 
after fracture, BMP-4, BMP-2 and their receptors are strongly expressed in the 
fibroblast cells, as well as in the maturing and hyperlrophic chondrocytes (Omshi el 
al., 1998; Ishidou et al., 1995). Interestingly, induced uprcgulation of BMP-4 
transcription has been shown to result in an increase of local bone formation, 
indicating a direct link between BMP-4 transcription and bone repair (Fang el al , 
1996). 

1.5.3 Therapeutic potential of BMPs in bone fracture healing and tooth 
repair 

The role of BMPs in endochondral bone formation, limb development and tooth 
development indicates their potential for clinical applications as bone inducer. 
BMPs are being investigated for application in tissue morphogenesis, of which 
orthopedic reconstruction is the most advanced (Wang, 1993). The most promising 
clinical application of BMPs is for bone fracture repair (Rosen and Thies, 1992; 
reviewed by Bostrom and Camacho, 1998). BMPs arc used in combination with 
carriers as bone-craft substitutes to promote bone repair. The newly formed bone 
consists of hematopoietic marrow and trabecular bone that is claimed to be fully 

9 a member of the Brachyury (T) gene family 

Chapter 1 31 



functional, both mechanically and biologically (Boslrom and Camacho. 1998). In 
the past, relatively impure fractions of natural BMPs have been used to repair non
union fractures and skull defects in animals with only limited success. The small 
amount of active BMP or the presence of inhibitors in the BMP fraction could 
explain the lack of results. Therefore research has been focused on the therapeutic 
use of highly purified recombinant BMPs (reviewed by Schmitt et al., 1999). 
Recombinant BMPs used in combination with a carrier can substitute the traditional 
bone-crafts and bone-substitutes normally used. In addition to long bone fracture 
repair, recombinant BMPs are also used to regenerate craniofacial and periodontal 
bone fractures (Cochran el al., 1999). Next to their potential use in orthopedic 
surgery, BMPs can be used in tooth repair BMPs are able to induce dentinogenesis 
similarly as they induce osteogenesis (see also tooth development). Pulp cells 
differentiate to odontoblasts upon addition of BMPs in the presence of a earner, 
showing the potential of BMPs as a pulpcap agent in reparative dentinogenesis 
(Ripamonti and Reddi, 1994). In addition to bone and tooth repair, BMPs have also 
been found to be involved in cartilage repair during osteoarthritis. Osteoarthritis is a 
degenerative |Oin( disease, charactcri/cd by the destruction of articular cartilage, 
which is accompanied by a reduction in proteoglycan contents However, BMPs 
(BMP-2 and BMP-7) arc much less effective in the repair of cartilage than e.g. 
TGF-ßl (Glansbeek el al., 1998; Beunmgen et al., 1989) Although BMP-2 
stimulated chondrocyte proteoglycan synthesis when injected into an arthritic knee 
joint of a mouse, there was no long-lasting enhancement of proteoglycan content, as 
was lound after TGF-ß injection (Beunmgen et al., 1998) 

Biodegradable materials for spatially and temporally controlled delivery of 
growth factors are essential for facilitating tissue repair. It is essential that BMPs are 
reconstituted with a carrier to localize its action. Furthermore, the carrier may serve 
as a substrate for the attachment of mesenchymal cells (reviewed by Schmitt el al., 
1999). Thus, the carrier functions as an extracellular matrix (ECM) to which BMPs 
arc covalently bound, thereby providing a framework for e.g. the regeneration of 
bone. BMPs may be bound to carriers such as collagen I and IV, heparin and 
hydroxyapatite (Paralkar et al., 1991). Localized degradation of the ECM releases a 
low but constant dose of BMPs over time, which is thought to be essential for their 
action. Such slow release of BMPs enables the BMP-responding cells to migrate 
into the matrix. This process, rather than the quanlilative presence of BMPs seems 
directly related to the degree of bone formation (Lane et al., 1999). 

1.5.4 A potential role for BMPs in the treatment of osteoporosis 

Osteoporosis is a skeletal disease in which the balance between bone formation and 
resorption is disturbed. The loss of bone leads to an enhanced susceptibility to bone 
fractures. A major risk group is formed by postmenopausal women, of which some 
thirty percents will suffer by fractures indirectly caused by this disease. The 
increase of bone fractures raises the question whether BMPs, which arc known to be 
involved in bone formation and fracture repair, are involved in this disease (Wang, 
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1993). Already in the early eighties BMPs have been suggested lo play a role in 
osteoporosis (Unsi et al.. 1985). In women with severe osteoporosis a high litre of 
anti-bodies against BMPs was found accompanied by a decrease m serum BMP. 
which could be responsible for the decline in bone mass (Unsi et al.. 1985). 
Upregulation of BMPs in patients with osteoporosis might be a new strategy lor the 
prevention and or treatment of osteoporosis. 

During menopause estrogen deficiency induces bone loss due to increased 
bone resorption mediated by osteoclasis (Horowitz. 1993). Today, estrogen 
replacement therapy (ERT) has shown to be successful as a treatment of 
osteoporosis in postmenopausal women by stopping the process of bone loss 
(Notelovitz, 1997; Turner et al., 1994). In clinical trials the anti-estrogen raloxilcne 
has shown to inhibit bone turnover and to prevent further bone loss without causing 
negative side effects as observed during estrogen treamenl (Draper ci al.. 1996). 
Raloxifene has an inhibitory effect on bone rcsorbing osteoclasis while having a 
small effect on bone formation, as shown in ovaricclomized rais (Evans el al . 1996; 
Frohk et al , 1996) A molecular mechanism explaining the action of anti-estrogens 
in bone formation is currently unknown A link between the estrogen receptoi and 
the transcription activation of bone inducing factors might provide an explanation 
for the beneficial effects of by anti-estrogen treatment. The recent identification of 
TGF-ß3 gene as a target gene for raloxifene (Yang et al., 1996), probably mediated 
by the estrogen receptor, suggests that other members of the TGF-ß superfamily 
might also be involved in the positive action of anti-estrogens on bone formalion 

1.6 Aim of the thesis 

The aim of the present study was to obtain detailed knowledge on Ihe transcriptional 
regulation of the human BMP-4 gene in relation to bone morphogenesis. The 
characterization of the BMP-4 gene would allow the identification of regulatory 
elements involved in BMP-4 gene expression. Identification of such elements will 
enable in the future to regulate the human BMP-4 gene directly in a tissue specific 
manner, in the right amount and for a determined period of lime during adult stage 
To address this question the human BMP-4 gene was isolated and characterized. In 
Chapter 2 we describe the genetic localization of the human BMP-4 gene. This fine 
mapping identified a heritable bone disease, known as HOS, associated with this 
region. In Chapter 3 we characterized the genomic structure and identified 
alternatively spliced transcripts of the BMP-4 gene. The genomic structure and the 
presence of multiple transcripts, which seem to be expressed in a cell type specific 
manner, led to the identification of two distinct promoters (Chapter 3). To get more 
insight in the transcriptional regulation, we cloned both promoters and investigated 
their activity in several cell lines as shown in Chapter 4. The presence and alternate 
use of both promoters may give an explanation for the observed cell type-specific 
expression of BMP-4 transcripts (Chapter 4). Chapter 5 provides a more detailed 
analysis of the basal promoter entity, showing the involvement of Spi elements in 
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promoter activation In addition we investigated in Chapter 6 a possible 
correlation between regulation ot a bone inducing growth factor, such as BMP-4 
and the positive ellects o( estrogens and or anti-estrogens on bone lormation 
Upregulation ol BMP-4 promoter activity would be a first indication how steroids 
such as estrogens or anti-estrogens could positively influence bone formation In 
total these studies provide evidence for the molecular basis of human BMP-4 gene 
regulation 
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Bone Morphogenetic Protein-4 (BMP-4) is a member of the transforming growth 
faclor-ß (TGF-ß) superfamily and is involved in morphogenesis and bone cell 
differentiation (2). Recombinant BMP-4 can induce ectopic cartilage and bone 
formation when implanted subcutaneously or intramuscularly in rodents. This 
ectopic bone formation process resembles the process of bone formation during 
cmbryogenesis and fracture healing (IO) A cosmid clone containing the complete 
human bone morphogenetic protein-4 (BMP-4) gene was isolated (details to be 
published elsewhere) and used as a probe to determine the precise chromosomal 
localization of the human BMP-4 gene. This cosmid clone was labeled with biotin-
14-dATP and hybridized in situ to chromosomal preparations of melaphase cells as 
described previously (6). In 20 metaphase preparations, an intense and specilic 
fluoresence signal (FITC) was detected on the q arm of chromosome 14 The DAPI 
counterslained chromosomes were computer-converted into GTG-hke banding 
patterns (Fig. I), allowing the regional localization of BMP-4 within I4q22-q23. 
This result is in agreement with a previous mapping of the human BMP-4 gene on 
chromosome 14 (7). For this latter study a human-rodent somatic cell hybrid panel 
and a BMP-4 cDNA probe was used, which did not allow a more detailed 
chromosomal sublocali/.alion. The present fine localization of BMP-4 to 14q22-q23 
makes BMP-4 a possible candidate gene for the Holl-Oram Syndrome (HOS). HOS 
is a heritable disorder of skeletal and cardiac development (5). The HOS phenotypc 
is probably determined early in cmbryogenesis. This heterogeneous disorder (8) 
may be caused by several types of gene mutations or deletions on either 
chromosome 12q or 14q. Although one HOS locus has been localized on 
chromosome 12, also other forms of HOS have been described (1). which are not 
linked to chromosome 12 (6). In one case, a direct association has been established 
between HOS and a deletion of the 14q23-q24.2 region (9). The BMP-4 localization 
on I4q22-q23 shown here in combination with the putative role ol BMP-4 in limb 
development (3) and its distribution during development (4), suggests that the 
disturbed development of skeleton and heart in some HOS patients may be due lo a 
disturbed BMP-4 expression or an altered gene product. However, such an 
association of BMP-4 with HOS has still to be confirmed by genetic linkage and 
mutation analyses. 
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ΚΚί. 1. Fluoresencc in sim h\hiidi/ntion of the BMP-4 containing cosmid to region c|22-i|2.1 of human 
chromosome 14. (A) Posili\el\ imaged chromosomes showing hshndization signal (arrow) and (B) 
Chromosome 14 : morhid analom\ with localization ol' BMP-4 
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The structure of the human bone morphogenetic protein-4 (BMP-4) gene has been characten/ed from a 
genomic cosmid clone of about 38 kb The transcriptional unit of the human BMP-4 gene is encoded by 5 exons 
and spans approximately 7 kb The exon/inlron organization of the human BMP-4 gene is similar to lhal of the 
mouse gene, with notable sequence differences in the 5' non-coding exons The human BMP-4 gene has at least 
two functional promoters, which are used in a cell type specific manner This observation is of fundamental 
relevance for understanding the specific role of BMP-4 in skeletal development and bone remodeling © 1996 
Academic Pre^·. Ini. 

Bone morphogenetic protein-4 (BMP-4) is a member of the BMP family, which belongs to the 
transforming growth factor-ß (TGF-ß) superfamily (1). BMPs can induce de novo cartilage and 
bone formation, and appear to be essential for skeletal development during mammalian embryo-
genesis. Subcutaneous or intramuscular implantation of recombinant BMP-4 induces the formation 
of new bone. Furthermore, BMPs are involved in promoting bone healing in mammals (2). Re
cently, it has become evident that during fracture healing the concentration of BMP-4 increases 
dramatically (3,4). These observations suggest an important role of BMP-4 in bone remodeling and 
fracture repair. 

BMP-4 is not only involved in osteoinductive events, but also in many other developmental 
processes such as tooth morphogenesis (5), hematopoiesis (6) and neuronal differentiation (7). 
BMP-4 is one of the best evolutionary conserved growth factors and is able to induce mesoderm 
formation. This was first described for BMP-4 homologues in Drosophila melcmogasier (8) and 
Xenopus laevis (9), but also in mammals BMP-4 seems to be an important factor in mesoderm 
formation and patterning (6, 10). 

Although the role of BMP-4 seems to be crucial during many stages of development, little is 
known about its transcriptional regulation. Two human BMP-4 transcripts have been described, 
which are completely identical in their coding region, but are different in their 5' non-coding 
regions. One of these transcripts was isolated from an osteosarcoma cell line (1), the other was 
isolated from a prostate cancer cell line (11). The regulatory mechanisms underlying specific 
BMP-4 expression in human are unknown, but may reflect a combination of transcriptional and 
post-transcriptional control. For understanding the molecular mechanisms of the transcriptional 
control of human BMP-4, it is essential to isolate and characterize the complete BMP-4 gene. 
Although the overall structure of the mouse BMP-4 gene has already been described (12, 13), very 
little is known about the structure and functional organization of the human BMP-4 gene. A first 
report about the genomic structure of the human BMP-4 gene describes a fragment with two exons, 
containing the complete coding region (14). However, non-coding exons and promoter regions 
have not been identified yet. 

In this report, we describe the isolation and characterization of a cosmid clone containing the 

1 Corresponding author Fax (31) 243-652938. E-mail anhurwOsci kun ni 

Cluiptei 3 55 



entire human BMP-4 gene. Furthermore, a specific RT-PCR was developed and used to detect 
BMP-4 specific transcripts in several human cell lines. The results presented here suggest that the 
gene contains at least two functional promoters. 

MATERIALS AND METHODS 

Sireenmx of a human genomic librar* A 1 3 kb mouse full length BMP-4 cDNA fragment (mmBMP4) was obtained 

by PCR on a lambda gt 10 S'/i day C57BL mouse cDNA library (gift from Dr Β L M Hogan, Vanderbilt University, 

Nashville, TN), using pnmers F4 (5' CGCGGATCCCAAGT TTGTTCAAGATTGGCT 3') and R4 (5' CGCGGATCC-

GCCTGATCTCAGCGGCACCC 3'), based on human BMP-4 cDNA sequence HSBMP2B (14) This probe was used to 

screen a human genomic cosmid library (16. gift from Mr J van Groningen, University of Nijmegen, The Netherlands) 

Approximately 3 χ 10^ cosmid clones were screened under non-stringent conditions in 5x SSC, 5x Denhardt's, 0 5% SDS, 

100 μg/ml denatured herring sperm DNA at 65 °C overnight with the 12P-labe]ed mmBMP4 probe, and fillers were washed 

up to 0 I χ SSC/0 1% SDS at 65 °C prior to autoradiography One of the positive clones was subsequently purified to 

homogeneity by tertiary screening using the mmBMP4 probe 

Genomu ilone mapping and DNA lequenung anahus Cosmid DNA was purified and submitted to Southern blot 

analysis after digesting with appropnate restriction enzymes to generale a physical map The DNA was transferred onto 

Hybond-N membrane (Amersham) and probed with the mmBMP4 fragment or BMP-4-specific primers (F4 and R4) to 

determine the orientation of the gene and approximate position of exons Fragments that hybridized with these probes were 

subcloned into pBluescnpt II KS(-) (Stratagene) and analysed by DNA sequence analysis using the T7-Sequencing Kit 

(Pharmacia) For identification of the splice junctions of the BMP-4 gene, internal pnmers were chosen near possible splice 

junctions These primers were used for direct cosmid DNA sequencing, according to the dsDNA Cycle Sequencing System 

(GibcoBRL) Genomic sequences were compared with the mouse BMP-4 gene (17) and several human BMP-4 cDNA 

sequences using the Fasta computer analysis program (Caos/Camm, The Netherlands) 

Messenger RNA extraction and RT-PCR Several human cell lines were used, including human forskin fibroblast 

(HF-V32). human embryonic kidney (HEK-293), pnmary human skin fibroblast (Fll), undifferentiated Tera-2 cells 

(Tera2EC), RA- differentiated human Tera-2 cells (Tera2RA) (18) and the osteosarcoma cell lines MG-63, U-2 OS and 

Saos-2 (originally obtained from ATCC) A 1 1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 

medium supplemented with 10 % fetal calf serum (FCS) was used for cultunng Fl 1, HEK-293, HF-V32, MG-63, Saos-2 

and U-2 OS, orMEM/lO 9c FCS was used for Tera2EC and Tera2RA (5) Messenger RNA was extracted using the 

Micro-Fast Track mRNA isolation kit, according to the supplied protocol (Invitrogen Corp., San Diego, CA) From each 

sample approximately 20 ng mRNA was reverse Iranscnbed according to the manufacturer's protocol using 100 pmol of 

oligo(dT) primer and 200 units SuperScnpt-II (Gibco-BRL) Thereafter, 10% of the reaction volume were amplified in a 

PCR reaction, using 25 pmol of each pnmer (sense and antisense) and 2 5 U Taq DNA polymerase (Gibco-BRL) PCR 

reactions were transferred directly from ice to 95 °C for 5 mm., followed by 36 cycles at 95 °C for 1 mm , 52 °C for 1 mm . 

72 0C for 2 mm and subsequently an extra extension step at 72 0C for 7 mm The nested PCR was under the same 

conditions, only with an annealing temperature of 54 0 C instead of 52 "C The sequences of the oligonucleotide pnmers for 

RT-PCR were the following FIA (5' ATCCGAGCTGAGGGACGCGAGCCT3'), RIC (5' CGTGTCACATTGTGGTG-

GACC 3'). FIB (5' TGGCGAGCCCGCTACTGCAGGGAC 3'), RID (5' GCATTCGGTTACCAGGAATCATGG 3'). 

F2A (5' AGCGCAGGCCGAAAGCTGTTC 3'). F2B (5' CGITTTCTCGACTCCGGGAAC 3) . The integnty of the 

amplified fragments was confirmed by Southern blot hybndizalion, using a 12P-labeled exon 3 specific-pnmer (F4). 

RESULTS 

Isolation of the Human BMP-4 Gene 

A 1.3 kb mmBMP4 probe was used to screen a human genomic cosmid library. This mouse 
cDNA probe was used because of the high degree of sequence conservation of BMP-4 cDNAs in 
different species (11). One of the positive cosmid clones with a 38 kb insert was further purified 
and analyzed. Restriction fragments, obtained by several enzymatic digestions of the isolated 
cosmid DNA, were analyzed by Southern blot hybridization with BMP-4 specific probes. Positive 
fragments were subcloned and their nucleotide sequences were determined. The obtained se
quences were analyzed by nucleic acid homology searches, showing that the 38 kb genomic clone 
contained the entire BMP-4 gene. In order to determine the exon/intron structure, we isolated and 
sequenced two human BMP-4 transcripts from Tera2RA cells (results not shown). Sequence 
analysis revealed that one transcript was identical to a previously described cDNA from an osteo
sarcoma cell line (19) and that the other transcript was identical to a cDNA from a prostate cancer 
cell line (11). Given the sequence information of both transcripts, together with the above men-
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tioned partial genomic sequences and genomic Southern blot analysis, we were able to resolve the 
exon/intron structure. We found that the gene consists of 5 exons, spanning approximately 7 kb 
(fig. 1). In addition, comparison of both transcripts with the genomic structure indicated that one 
transcript contains exon 1,3,4 and 5 (named BMP4.1 ) and that the other contains exon 2, 3, 4 and 
5 (named BMP4.2). Both transcripts and the nucleotide position of the introns are shown in Figure 
2. To further characterize the human BMP-4 gene, we partially sequenced the exon/intron bound
aries, using a combination of synthetic primers near possible splice sites (fig. 2) and subcloning of 
exon/intron containing fragments. The exact localization and sequence of splice sites is shown in 
Figure 3. All of the exon/intron boundaries defining the splice sites are conform the consensus 
sequence of AG at the 3' acceptor splice site and GT at the 5' donor splice site. 

BMP-4 mRNA Expression 

A specific RT-PCR method was used to detect the presence of the closely related BMP-4 
mRNAs in different tumor cell lines. Cell lines derived from various tissues were chosen on basis 
of previous reports on BMP-4 expression (1, 14). The BMP4.1 transcript is indicated by PCR using 
the primers FIA and RIC, followed by a nested PCR with the primers FIB and RID. To indicate 
the BMP4.2 transcript, a PCR using the primers F2A and RIC was performed, followed by a nested 
PCR with the primers F2B and RID. After amplification with the nested pnmer combinations, 
fidihty of the BMP-4-speciric PCR products was confirmed by hybridization using pnmer F4, an 
exon 3 specific primer. In fig. 4, a Southern blot is shown, containing the specific RT-PCR products 
indicating the presence of the two BMP-4 transcripts in various cell lines. Both transcripts were 
detected in the osteosarcoma cell lines U-2 OS and Saos-2. This was also the case for the 
embryonal kidney (HEK-293), the foreskin fibroblast (HF-V32) and the Tera-2RA cells. However, 
in Tera-2EC cells, the skin fibroblast (Fl 1) and the osteosarcoma cell line MG63, only the BMP4 2 
transcript was present. 

DISCUSSION 

The genomic organization of the entire human BMP-4 gene has been characterized from a 38 kb 
cosmid clone. BMP-4 is encoded by a single gene, which was previously mapped to chromosome 
14q22-23 (15). The transcriptional unit of the gene contains 5 exons and spans approximately 7 kb. 
Sequence companson with the mouse BMP-4 gene shows a high degree of homology in the coding 
regions and a similar exon/intron structure. However, notable sequence differences are observed in 
the non-coding exons 1 and 2. The human exon 2 shows only slight homology with a sequence in 
the mouse BMP-4 gene, starting about 150 bp upstream of the mouse exon 2 (12). 

Molecular analysis showed that from the human BMP-4 gene at least two mRNAs are tran
scribed, which share the same translation product but differ in their 5' region. The low level of 
expression, the high homology and the small difference in size between both BMP-4 transcripts, 
make it difficult to detect both transcripts by Northern blot hybridization. Therefore, we developed 
a sensitive RT-PCR to investigate the difference in BMP-4 transcription in various tumor cell lines. 
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FIG. 1. Slruclure and reslnction map of the human BMP-4 gene. About 10 kb of the gene containing the five exons is 

shown Exons (solid bars) are indicated by the number 1 to 5 The coding region (shaded box) is shown together with the 

location of the proposed translation start sue within exon 4 (arrow). Only restriction sites relevant to the present work are 

indicated E, EcoRI. X, Xhol. P, Pi/I and N, Nco\ 
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1 3 4 
1 262 387 7M 

BMP4 1 

2 

1 77 

BMP4 2 

F2A 

F2B 

FIO. 2 Location of primers for the (wo BMP 4 transcripts The location of introns (vertical lines) together with the first 
nucleotide position of each exon (numbers) are indicated The coding region (shaded box) and exons (bold numbers) are 
shown The first BMP 4 transcript (BMP4 1) is the same as HSBMP2B (19) which contains exons 1 1 4 and 5 From the 
second transcript (BMP4 2) only the length of exon 2 is indicated (11) which is spliced to exons 3 4 and 5 at nucleotide 
position 262 of the HSBMP2B sequence ( 19) The sequences of exons 3 4 and 5 of both transenpts are exactly the same 
Primers (arrow heads) are shown as reverse (R) and forward (F) 

We found that both transcripts are expressed in a cell type depending manner Interestingly, the 
BMP-4 2 transcript was detectable in all cell lines tested, while the BMP4 1 transcript was not 

Both transcripts, together with the exon/intron sequences, suggest the presence of at least two 
putative promoters A differential regulation of these promoters might explain the difference in cell 
line-specific expression of both mRNAs Most likely, one promoter is located upstream of the 
non-coding exon 1 and the other is present just upstream of the non-coding exon 2 Because of the 
genomic organization and the RT-PCRs, it is unlikely that BMP4 2 is a splicing vanant of BMP4 1 
Upstream of the coding region (exon 4 and 5), a non-coding region (exon 3) is present in both 
transcripts Since the translation start site is located in exon 4, the transcription initiation from both 
promoters will result in identical protein products 

A variant of the BMP-4 mRNA has recently been cloned from a human placental cDNA library 
(20) The 5' non-coding region of this transcript is different from the previously described mRNAs 

EXON (SIZE) Exon 3 intron (size) 

Exon 4 

(> 262 bp) CCTATGgtgagcaaggcucc 

(> 77 bp) AACATGgtgggamccmc 

(125 bp) CTGTCAgtcagtagacacctg 

(377 bp) ACGAAGgtcagtctcattaac 

intron I (1 9 kb) 

intron 2(1 I kb) aaatittcctnugGAGCCA 

intron] (I 2 kb) cttccccctccccagAGACAC 

intron4 (1 0 kb) cctuctgtgcctlgAACATC 

Exon 5 (>987 bp) 

FIG. 3. Exon-mtron boundaries of the BMP 4 gene Nucleotide sequence for each mlron-exon boundary and size of 
each exon and mtron are shown The 5 site of exon I and 2 is not shown because of the unknown transcription initiation 
site The 3 site of exon 5 is not shown because of us unknown poly(A+) addition sue 

58 Moleculen basis foi multiple BMP-4 ti ansciipts 



a 

1 2 3 4 5 6 7 8 9 10 

f · - · 

1 2 

« 
ì 4 

-

S 

• 

6 

• 
7 

* 

8 9 

• 

10 

BMP4.1 ( 181 bp) 
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FIG. 4. Southern blot of the BMP-4 specific RT-PCR products, derived from several human cell lines, (a) BMP4.1-
specific PCR fragment of 181 bp. (b) BMP4.2-specific PCR fragment of 175 bp. The PCR fragments were hybridi/ed with 
a 1:?P-labeled exon 3 probe, which is primer F4 in figure 3. Human cell lines and negative controls are numbered, 1 : MG-63, 
2: U-2 OS, 3: HF-V32, 4: HEK-293, 5: F l l , 6: EC, 7: RA, 8: Saos-2, 9: RT-H20 and 10: Η,Ο. 

and the deduced amino acid sequence indicated deletion of six N-terminal amino acids. Therefore, 
it can not be excluded that additional promoters might be present, upstream of the two putative 
promoters reported here. Various transcripts have also been observed for a BMP-4 homologue in 
Drosophihi melanogaster, decapentaplegic protein (dpp) (21). These multiple dpp-specific mRNAs 
have been shown to result from several promoters and alternatively spliced 5'-untranslated exons. 
In the mouse, the BMP-4 gene also contains multiple non-coding regions and alternative promoters, 
which is in agreement with our results for the human gene (12, 13). 

Regulation of BMP-4 gene expression and further evaluation of the different BMP-4 mRNAs 
will shed new light on the detailed role of this gene during osteogenesis. The presence of the two 
separate promoters and the diverse transcripts in several cell lines derived from different tissues, 
suggests a cell or tissue specific regulation of BMP-4 gene expression. To gain more insight in the 
transcriptional regulation of the BMP-4 gene in man, further characterization of the two putative 
promoters is in progress. 
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ABSTRACT 

Bone morphogenetic protein-4 (BMP-4) is a member of the BMP family, which consists of important regulators of 
bone formation and embryonic development We have previously isolated the human BMP-4 encoding gene, which 
is associated with the heritable disorder Fibrodysplasia Ossificans Progressiva. In this study, we describe the 
molecular cloning and functional characterization of two promoters involved in the transcriptional regulation of 
the human BMP-4 gene, one upstream of exon 1, the second located in intron 1, upstream of exon 2. These two 
promoters give rise to different transcripts in a cell type- and differentiation-dependent manner. Mutational 
analysis showed cell type-specific regulation of both promoter activities. Gel mobility shift assays indicated the 
presence of cell type-specific transcription factor binding sites in promoter 1. In addition, evidence was found for 
a novel BMP-4 transcript. Since various human diseases can be linked directly to aberrant expression of BMP 
genes, the present findings are of great importance in attempts to develop strategies for therapeutic interference 
with such diseases. (J Bone Miner Res 1999;14:1432-1441) 

INTRODUCTION 

BONE MORPHOGENETIC PROTEIN-4 (BMP-4) is a member 
of the BMP family, a subclass of the transforming 

growth factor-ß superfamily " 2) BMP-4 plays a key role in 
a variety of processes during embryonic development in
cluding bone formation,0' early mesoderm formation,14 5) 

and epithelial-mesenchymal interactions <'') Its importance 
is underlined by the finding that BMP-4 gene knockout 
mice die very early in development and show defects in 
mesoderm formation and dorsoventral patterning<7> The 
induction of mesoderm and involvement in pattern forma
tion has first been described for the decapentaplegic protein 
(DPP), the BMP-4 homolog in Drosophila melanogaster m 

The observation that BMP-4 and DPP are functionally in-

'Sequence data from this article have been deposited in the 
EMBL/GenBank Data Libraries under accesston numbers 
AF035427 for BMP-4 promoter 1 and AF035428 for BMP-4 pro
moler 2 

'Depariment of Applied Biology, University of Nijmegen, Nijmegen, The Netherlands 
2Departmeni of Cell Biology, University of Nijmegen, Nijmegen, The Netherlands 

terchangeable between species directly shows its high de
gree of conservation during evolution ( î ) 

An important function of BMP-4 is the involvement in 
prenatal and postnatal endochondral osteogenesis Like 
other BMPs, BMP-4 appears to be essential for skeletal 
formation during mammalian development,"1 but can also 
induce de novo cartilage and bone formation at ectopic sites 
in adult stages The latter is underlined by recent data, 
showing that disregulation of BMP-4 expression might be 
involved in Fibrodysplasia Ossificans Progressiva (FOP), a 
genetic disease of heterotopic ossification in humans m 

FOP is characterized by congenital malformation of the 
great toes and by progressive heterotopic endochondral os
teogenesis in predictable anatomical patterns In FOP pa
tients, BMP-4 transcription is highly up-regulated in lym
phocytes, which causes ectopic bone formation at the site of 
early fibromatous lesions 

In addition to this heterotopic bone formation, BMP-4 
has been suggested to be involved in bone fracture repair It 
has become evident that early in the process of fracture 
healing the concentration of BMP-4 increases dramati-
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cally' 1 0 1" In vivo expenments show that up-regulation of 
BMP-4 transcription indeed promotes bone fracture heal
ing in mammals ( 1 2 ) Furthermore, local production of 
BMP-4 even seems to be more efficient in inducing bone 
formation than exogenous delivery of the growth factor 
protein ( ' 2 > In line with these observations, it has been hy
pothesized that osteoporosis may be accompanied by a re
duced availability of BMP proteins ( 1 3 ) Taken together, 
these observations indicate that both overexpression (FOP) 
and repression (osteoporosis) of BMP-4 expression may be 
directly related to diseases Insight into the molecular 
mechanisms of BMP-4 transcription regulation will be es
sential to develop therapeutic agents, which by systemic or 
local treatment might either up- or down-regulate BMP-4 
expression in humans These agents may be useful in frac
ture repair, the treatment of FOP, or in age-dependent 
bone diseases including osteoporosis 

Although BMP-4 seems to be crucial dunng many stages 
of development, the regulatory mechanisms underlying the 
specific expression of the BMP-4 gene are largely unknown, 
particularly in humans Analysis of the mouse BMP-4 gene 
indicated the presence of multiple transcripts derived from 
two promoters, of which one has been functionally charac
terized ( ' 4 1 5 ) In a previous report, we described the geno
mic organization of the human BMP-4 gene < 1 6 , Sequence 
companson with the mouse BMP-4 gene showed a similar 
exon/mtron structure, with differences, however, in the 5' 
noncodmg sequences<16) In the present study, we describe 
the cloning and characterization of two functional human 
BMP-4 promoters, which can explain the observed 5'-end 
heterogeneity of previously described BMP-4 transcripts in 
humans " " ' 7 ) Using mutational analysis of both promot
ers by transient transfection studies in different human cell 
lines, we show here that these two promoters are active and 
regulated in a cell type-specific and differentiation-
dependent manner Gel mobility shift assays indicated the 
possible involvement of GATA-1 and Msx binding sites in 
the regulation of promoter 1 The differences in protein 
binding seen in those assays might explain the observed cell 
type-dependent promoter activity 

MATERIALS AND METHODS 

Cell culture 

The osteosarcoma cell lines U-2 OS and HOS-TE85, the 
human embryonal kidney cell line HEK-293, and the hu
man embryonal carcinoma cell line Tera-2 clone 13 were 
originally obtained from ATCC U-2 OS, HOS-TE85, and 
HEK-293 were cultured in a 1 1 mixture of Dulbecco's 
modified Eagle's medium (GIBCO BRL Life Technolo
gies, Grand Island, NY, U S A ) and Ham's Fl 2 medium 
(GIBCO) supplemented with 10% (v/v) fetal calf serum 
(GIBCO) Monolayers of undifferentiated Tera-2 
(Tera2EC) cells were cultured in alpha modified essential 
medium (GIBCO)/10% fetal calf serum and induced to dif
ferentiate (Tera2RA cells) by the addition of ΙΟ-5 M reti-
noie acid (RA, Sigma Chemical Co, St Louis, MO, U S A ) 
for 7 days ( 1" ) Cell cultures were kept at 370C in the pres
ence of 7 5% CO2 atmosphere 

Sequencing of the 5'-promoter flanking region 

In a previous study, we isolated a genomic cosmid clone 
of about 38 kb, containing the human BMP-4 gene (" ' " ' 
Fragments containing putative promoter sequences were 
obtained by genomic BMP-4 cosmid DNA digestion, 
subcloned into pBluescriptllKS(-) (Stratagene, La Jolla, 
CA, U S A ) and sequenced A 1 3 kb EcoRI-ΛΆοΙ frag
ment, encompassing the upstream regions and part of 
the exon 1, was subcloned into the fcoRI-ATioI site of 
pBluescriptllKS(-) resulting in pBlue4 1EX In addition a 
1 3 kb Psll fragment, encompassing the entire exon 2 and 
upstream intron 1 regions, was subcloned into the ft/I site 
of pBluescriptllKS(-) resulting in pBlue4 2PP To obtain 
the complete sequence, parts of the promoter fragments 
were resubdoned in pBluescriptllKS(-) and sequenced m 
both directions using the T7 Sequencing kit (Pharmacia, 
Uppsala, Sweden) The sequence of the 3'-site of exon 1 
and a part of intron 1 was obtained by direct cosmid se
quencing, as described previously ( 1 6 ) 

Rapid amplification of the 5'-cDNA ends of the 
human BMP-4 transcripts 

The 5'AmpliFinder Race kit (Clontech Laboratories, 
Ine, Palo Alto, CA U S A ) was used to isolate cDNA 
containing full-length 5' ends of the human BMP-4 tran
scripts First, cDNA strands were synthesized according to 
the manufacturer's specification, using oligo (dT),2-111 and 2 
μg of poly(A)* RNA from Tera2EC cells A specially de
signed single-stranded anchor oligonucleotide (provided 
with the kit) was hgated to the 3' end of cDNA using T4 
DNA ligase Following anchor ligation, a portion of the 
cDNA was amplified by PCR (5'-rapid amplification of 
cDNA ends [RACEJ-PCR), using a primer complementary 
to the anchor and a primer within exon 4 (RID, 5'-GCA-
TrCGGTrACCAGGAATCATGG-S""") PCR products 
were subcloned into plasmid pGEM-T (Promega Co 
Madison, WI, U S A ) and sequenced using the T7-
Sequencing kit 

Primer extension analysis 

Pnmer extension analysis was performed according to 
the primer extension system (Promega Co ) using synthetic 
oligonucleotides as primers The pnmers used in this ex
periment correspond to the antisense sequence within exon 
1 or exon 2 of the BMP-4 gene obtained from this study, 
which have been designated EX1REV (5'-GCTCC-
GCGCTCCTTCCCT-3') and EX2REV (5'-CATGTT-
CCCGGAGTCGAG-3'), respectively Each primer was 
end-labeled with T4 polynucleotide kinase (GIBCO) and 
[a-32P]ATP (ICN, Costa Mesa, CA, U S A ), and -5 χ IO5 

cpm of end-labeled primer was mixed with 500 ng of U-2 
OS poly(A)* RNA, HEK-293 poly(A)* RNA, Tera2EC 
poly(A)* RNA, or 10 μg of yeast tRNA The primer/RNA 
mixture was denatured at 9S°C, and incubated for 1 h at 
55°C to anneal the primer Primer extension was completed 
for 1 h at 50°C using Superscript II Reverse Transcriptase 
(GIBCO) The size of the primer extension products was 
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analyzed on a sequence gel by comparison with known 
DNA sequences 

Semiqitantitatne reverse transcriptase-polymerase 

chain reaction and Southern blot hybridizations 

Reverse transcriptase polymerase chain reaction (RT-
PCR) was used to quantify BMP 4 mRNA levels relative to 
mRNA levels of glyceraldehyde-3-phosphate dehydroge
nase (GAPDH) Messenger RNA was isolated from 
Tera2EC and Tera2RA cells followed by RT-PCR, basi 
cally as described previously1"" For BMP-4 detection 
primer pair F4 (5' CGCGGATCCCAAGTTTGTTCAA-
GATTGGCT-3') and R1C (5 CGTGTCACATTGTG-
GTGGACC-3') was used resulting in a 702 bp fragment 
For GAPDH detection GAPDH forward primer (5 -
TCACCACCATGGAGAAGGC-3 ' ) and GAPDH re
verse primer (5 -GGATGACCTTGCCCACAGC-3 ' ) 
were used as described 12"' resulting in a 359 bp fragment 
This fragment was subcloned into pGEM-T checked by 
sequence analysis and used as the human GAPDH probe 
A linear amplification of BMP-4 and GAPDH was ob
tained at an annealing temperature at 540C using 21 and 29 
cycli respectivelv The amount of first strand cDNA was 
normalized by comparison of the GAPDH signals obtained 
after RT PCR analysis Using equal amounts of first strand 
cDNA. semiquantitative RT-PCR analysis was performed 
for BMP-4 and GAPDH in separate vials The integrity of 
the amplified fragments was confirmed by Southern blot 
hybridization, using a 12P labeled mouse BMP-4 probe"' ' ' 
or the human GAPDH probe 

BMP-4 promoter constructs 

The BMP-4 promoter constructs were generated by stan
dard cloning procedures,'2" using restriction fragments re
leased from pBlue4 1EX or pBlue4 2PP (as described 
above) All promoter fragments were blunt-ended with 
Klenow DNA polymerase (GIBCO) and deoxynucleotides, 
and subcloned into the Smal site of the pSLA4 luciferase 
r epor t e r plasmid ( 2 2 1 Cons t ruc t pSLA4 1EX and 
pSLA4 1XE contain the 1 3 kb EcoRI-ATioI promoter 1 
fragment (-1097/+242) in the sense and anlisense orienta
tion, respectively Construct pSLA4 2PN and pSLA4 2NP 
contain the 1 3 kb Pstl-Nal promoter 2 fragment (-1212/ 
+70) in the sense and antisense orientation, respectively 
Additional promoter fragments used are pSLA4 IPX, con
taining a 900 bp Pstl-Xhol promoter 1 fragment (-633/ 
+242), pSLA4 1NX, containing a 500 bp Ncol-Xhol pro
moter 1 fragment (-253/+242), and pSLA4 2NN, containing 
a 300 bp Ncil-Ncil promoter 2 fragment (-246/+70) The 
latter three fragments have been cloned in sense orientation 
with respect to the luciferase gene of pSLA4 The number
ing of the promoter fragments was relative to the transcrip
tion start site determined in U-2 OS cells (this study) 
Promoter constructs were purified using tip-100 col
umns (Qiagen, Ine, Chatsworth, CA, U S A ) according to 
the manufacturer's instructions and verified by DNA 
sequencing 

Transfection, luciferase, and ß-galactosidase assay 

Transient transfections of promoter constructs in 
Tera2EC and Terd2RA cells were carried out as described 
previously ' 2 2 ' with individual pSLA4 constructs (3 μg) and 
pCHHO (1 5 μg Pharmacia) a ß-galactosidase expression 
vector U-2 OS and HOS-TE85 cells were transfected using 
a modification of the calcium phosphate coprecipitalion 
method'2" as previously described for Tera2 cells '22 ' with 
individual pSLA4 constructs (1 μg) and pCHHO (50 ng) 
Luciferase activity was assayed in a LKB 1250 lummom-
eler using the Luciferase Assay System (Promega), and 
normalized to ß-galactosidase activity of the cotransfected 
pCHHO plasmid to adjust for differences in transfection 
efficiency ' 2 ΐ ' One day prior to transfection cells were 
seeded at a density of 5 χ ΙΟ' cells/well (10-cm2 dish) On 
the day of transfection, cells were incubated in fresh growth 
medium followed by the addition of DNA precipitates to 
the cell medium Cells were harvested and assayed 24 h or 
48 h after the addition of DNA to the cells For each ex
periment, transfections were performed in at least three 
independent experiments 

Gel mobility shift assay 

Nuclear extracts were isolated from HOS-TE85 and U-2 
OS cells as described ' 2 ' " Gel mobility shifts and probe 
preparation were performed according lo Wall et al ' 2 , ' The 
double stranded synthetic oligonucleotides used in these 
assays were (only sense strand shown) GATA sequence in 
BMP-4 promoter at position -1032 to -1008 (BMP-4 
GATA 5'-AGATGAGGCTGATAGCTCCCTCAC-3'), 
ATTA box in BMP-4 promoter 1 at position -351 to -327 
(BMP-4 Msx 5'-ATTATCTCT/M7"7>lCTCAGGGTAA-
3') and the so-called OC box' 2 6 ' of the osteocalcin pro
moter (OC Msx S'-ATGACCCCC/MTTVIGTCCTG-
GCAG-3') GATA-1 binding was detected by addition of a 
GATA-1-specific monoclonal antibody (a gift from Dr 
Dave Whyatt, Erasmus University Rotterdam, The Neth
erlands) in the assay ' 2 7 ) Reaction mixtures were loaded 
onto a 4% Polyacrylamide gel and electrophoresed for 1 5 h 
at 300 V in 0 5x TBE buffer, as described in detail by Wall 
et a l ' 2 · " 

RESULTS 

Cloning of two human BMP-4 promoters 

We have previously described the structure of the human 
BMP-4 gene and demonstrated the presence of two BMP-4 
transcripts, designated BMP4 1 and BMP4 2 ' " " The 
BMP-4 gene consists of 5 exons, of which only exons 4 and 
5 encode the BMP-4 precursor protein The transcript 
BMP4 1 (comprised of exons 1, 3, 4, and 5) and the tran
script BMP4 2 (comprised of exons 2, 3, 4, and 5) must 
therefore result from two different promoter regions, des
ignated promoter 1 and promoter 2 A schematic represen
tation of the BMP-4 gene and the two promoter regions is 
shown in Fig 1 

In the present study, we used the human BMP-4 gene-
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FIG. 1. Schematic representation of the human BMP-4 gene Exons (solid bars) are indicated by the numbers 1-5 The 
coding region (shaded box) is shown within the exons as well as in both the promoter 1- and promoter 2-derived BMP-4 
transcripts BMP4 lab (formerly named BMP4 l'"1 ') and BMP4 la (this study) are derived from promoter 1, while 
BMP4 2' " " is derived from promoter 2 The location of the two promoter regions is represented by the solid lines Dashed 
lines indicate the location of splice sites Restriction sites relevant for cloning promoter fragments are indicated E, EcoRl, 
X ATiol, P, PsA N, Nw\, and N*, Nul Primer pair F4 and R1C, used for detection of BMP-4 in RT-PCR are represented 
by arrowheads 

containing cosmid clone to subclone the putative promoter 

regions, in order lo further characterize them A 1 3 kb 

promoter 1 fragment and a 1 3 kb promoter 2 fragment 

were sequenced and analyzed for putative transcription fac 

tor binding sues In both promoler regions, several consen

sus binding sites could be delected by computer analysis 

(Fig 2), including sues for API, AP2, HNF-3b, PEA3, Spi, 

N F - K B , GATA, Pu 1, and Ets transcription factors Both 

BMP 4 promoters lack a TATA box but contain several 

consensus sequences which are known lo be involved in 

transcription initiation, such as Spi and PEA3 binding sites 

Repetmve ATTA box elements, known to be essential 

binding elements for homeodomam containing transcrip

tion factors like Msx, are particularly present in promoter 1 

(Fig 2A) 

Transcriptional start sites of both promoters 

To establish (he exacl position(s) at which BMP-4 gene 

transcription is initiated, we analyzed BMP-4 transcripts 

with primer extension analysis and 5'-RACE-PCR In the 

primer extension reaction, primer EX1REV (located in 

exon 1) and primer EX2REV (located in exon 2) were 

annealed to RNA from various human sources, which are 

known to express BMP-4 transcripts endogenously ( " ' ) As 

shown in Fig 3, a single primer extension product of 120 bp 

was obtained with pnmer EX1REV in U-2 OS and HEK-

293 cells, while two fragments of 121 bp and 126 bp were 

obtained in Tera2EC cells The 120 bp primer extension 

product was the most abundant and therefore chosen as the 

major transcription start site of promoter 1 (see Fig 2A) 

With primer EX2REV, a consistent primer extension prod

uct of 78 bp was obtained in U-2 OS, HEK-293, and 

Tera2EC cells (Fig 3B), indicating that only a single tran

scription start site is present in promoter 2 (see Fig 2B) 

RACE-PCR was used to clone and sequence the 5' ends 

of the human BMP-4 mRNAs This method yielded several 

products ending at various points in the 5' portion of both 

exon 1 and exon 2, as indicated in Fig 2 The presence of 

exon 1 and exon 2 sequences in the RACE-PCR products 

indicates that BMP-4 transcripts are indeed generated from 

the two cloned promoter regions 

In addition, sequence analysis of cloned 5' RACE-PCR 

fragments yielded a novel BMP-4 transcnpt, resulting from 

the use of an additional splice site within exon 1 This tran

script contains from exon 1 (lotal length 345 bp) only the 5' 

part, which from position +133 is spliced to exon 3 (Fig 

2A) The exon/intron boundary defining this novel splice 

site within exon 1 agrees with the consensus sequence 

exon AG/GTPuAG miron of a 5' donor splice site The 

difference between this novel BMP-4 transcnpt and the 

previously reported BMP4 1 transcnpt is the use of a splice 

donor site within exon 1, resulting in an altered 5' mRNA 

end From now on, the formerly described BMP4 1 tran

script will be designated BMP4 lab, in which "ab" stands 

for position +1 to +345 in exon 1 (Fig 2A) The novel 

transcnpt will be designated BMP4 la, in which "a" stand 

for position +1 to +133 in exon 1 (Fig 2A) A schematic 
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(A) 

EcoRl Ets-1 GATA 

- 1097 GAACTCCGGATCTGOGCAAGTCCCTrî AACCTGGTAGTCCrrTCCTTTCCTTGTTTGTAAAACAaAGAGATXSAGGC^ 

- 997 GAGGCAGTGTGTGAAATTAGTTCCTGTTTGGGAAGGTTTAAAAGCCACCACATTCCACCTCCCTGCTAATATGATTACTAAAATGTriTr^ 

GATA-1 
θ 9 7 GCCAATTCCTCATCTCCCCTCTTCCTTTAAAAACAGACCAAGGGaCATCn-rrCinOTCTCCCTGTGGCCTAAAAGGTTACTGCTTCTCTIXKTTATCTCC 

7 97 TTGGAAAGACAGAGTOTCAGGACTCTTAGGTACACCAAAAATGAACAAAAAAATCAACAACAACCATAACACCAACAAAAATAACTGCTGTGTCGGTTCT 

.PStI 

6 97 TAAGACGGCTTCTGAGCTAGAAACAGATTTTTCTAACTGTAAAAAACGTGGCCCCAGCCTGTCTGCAGGCCACCTCTGTCTTTAGGCCTT^ 

N F - K B N F - K B 

597 GGGAAGTGAGCTCATTTACTTSGGGTCTACCTCAGGGTCATCACCAAGGTGTTCTACAAAACGCACTTTAAGAATGTTTTGGAAGGAAATTCACCTTTT^ 

497 CAGCCCAAGAGGTATCTCTCTCTGGCACACAGTTCTGCACACAGCCTGTTTCTCAACGTTTGGAAATCTTTTAACAGTTTATGGAAGGCCACCTTTTAAA 

397 CCGATCCAACAGCTCCTTTCTCCATAACCTGATTTTAGAGGTGTTTCATTATCTCTAATTACTCAGGGTAAATGGTGATTACTCAGTGTTTTAATCATCA 

W c o f 
I 

2 97 GTTTGGGCAGCAGTTACACTAAACTCAGGGAAGCCCAGACTCCCATGGGTATTTTTGGAAGGTACGGCGACTAGTCGGTGCATGCTTTCTAGTACCTCCG 

cMYC AP-4 

197 CACGTGGTCCCCAGGTGAGCCCCAGCCGCTTCCCAGAGCTGGAGGCAGCGGCGTCCCAGCTCCGAOGGCAGCTGCGGACTCGGGCGCTGCCTGGGTATTC 

i s m a l .SP" 1 JP±^ Üi1. .. 
97 CGGGACCCGGGCCTGCTAGGCGAGGTCGGGCGGCTGGAGGGAGGATGTGGGCGGGCTCCCATCCCCAGAAAGGGAGGCGAGCGAGQGAGGAaGGAAGGAO 

Pu.l PEA3 L11·1-.* ?αΛ +1 

4 OaAOOOGCCOCCOGOOAA(WOaAGaA<W>AOaAAAaAAAaAAAOCaAOGeAGOaAAAaAaaAOaAJUCWAAaATOCaAaAAG<^^ 

EtT-l """' - -
V.133 

104 oeaAAOOAecocoaAocccoacccoaAAOCTAoaTaAaTaTaocATCcaAOCTaAoaaACGoaAGCCTaAGACoccocTacrocrccGGCTGAOTATCTA 
EX 1 REV Xhol 

I 

+ 2 04 OCrrOTCTCCCOATOaaATTCCCOTCCAAOCTATCTCOAOCCTGCAOCGCCACACTCCCCeeCCCTCGCCCAOOTTCACTaCAACCOTTCAaAOaTCCCC 

+ 304 AGGAGCTGCTGCTGGCGAOCCCOCTACTGCAOGOACCTATGgtgagcaaggctacc 

(B) 
PstI 

I 
- 1212 GGCITCTTCCAGCGGGAGTTGGTCCGGGGGCCTTAGAGGCTCCJU^GCACTGCTTTGGAGGATGGTTTCCAAGGATCGCGGTTT^ 

- 1112 GTGAGAGGTTAAACCCCCAAAAGATACATACTTGGTAAACTGAGGCTACCTGTAAACACATTTCGGCATTAGGAGAAGATTCGAGTAGGGAAGTGAAGGA 

Oct-1 
- 1112 CAACCACCCGAGGTTACATTCCTTTCCCCCAATAAAAAGCTCTGGGGATGAAAGrrCTTTroGCTTITATCTT^ 

AP-Γ 
- 912 TGTGACTAGAGATGAATCCTGGTGAATCCGAAATTGAAACACAACTCCCCCTTCCCCTTCCTATCCTCTCGGTTTTAGAACCGCGCTCTCCCGCCCCAGG 

- — — AP-2 
- 812 AGATTCCTTGGGGCCGAGGGTTTTCCGGGGAACCCGGGCGCTa3CCCCTTCTACTGTCCCTTTCCCCCGCG<MCACAGCTTGCCTCCGT<^ 

- 712 ACrcCTGGACCTCTCCTCGCCGGGCTTATTAAAGGGCrcCTaCGTCTCAAAACAAAACAAAA 

AP-4 
- 612 CAGCGGTGGCGCGGGACCAGCAAAGGCGAAAGCCGCGCG(KTCTTGACCGGGCGCGGACGGTCGCGCAGGGCGCCCGCG<KCTCCGCACCCGGACCTGAG 

- 512 GTGTTGGTCGACTCCG<KCATCCACGGTCG<KAGGGAGGGCnaWCTGTTCGATCCTTTACTTTTCTTCCTCAAAGTCTACC^ 

Sp-1 Ets-1 
- 412 CAAAACCAAGTATGTGCGTGGAGAGTGGGGCGG(̂ GOCAACCCGAGTTCTTGAGCTCCGGAGCGACCCAAAGCAGCAACTGGGAACAGCCTCAGGAAAGG 

•Neil 

- 312 GAGGTCGGGTGGAGTGGGCTTTGGGGCAGGAaTCATOGGGCCCGGGCCG<»CaACCTGaCCCTCCCGGCCCTGCTGAACGCTGAGTTGCGCCTAGTCGGG 

AP-1 MYB 
- 212 TTTTCGAAGAGGCC<riTX;CCCAGAGCACCCACGCGCGCGGC»CGATCTTCG|ftTTAGTC 

HNF-3b PEA3 " PEA3 Sp-l 

- 112 CTTGAAOTAGTATTTGCTGCGTGCGACTCTGCTGCTGGTGCAACGGÄGGAAGGGGGGTCGGGM 
~" L " ' ~ W e i l 

# * * I 
12 AAATAAGGG AAGCCaAOGCtaAaAOAaACOCAOACOCAaAaOTCaAOCOCAOOCCaAAAaCTaTTCACCaTTTTCTCaACTCCOOaAACATOg t ggga 111 

+ 1 EX2REV 
, PSCI 

+ θ 9 cctttctgcgccgggtcgggagttgtaaaacctcggccacBttaagatctgaaaactgtgatgcgtcctttccgcag 
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FIG. 3. Primer extension analysis on BMP-4 mRNA 
Primer extension analysis of poly(A)* RNA from Tera2EC 
U-2 OS and HEK-29'! cells was performed with the pro 
moter 1-specific primer EX1ALT (A) or the promoter 
2-specific primer EX2REVA (B) The size of the extended 
products is indicated on the right side of the figure In both 
primer extension reactions Η,Ο and total RNA from yeast 
were used as a negative control The positions of the tran
scription starts were determined by comparison with a 
known DNA sequence as size marker 

survev of the various human BMP 4 transcripts is presented 

in Fig 1 

Aaivuy of the human BMP-4 promoters 

To examine whether the regions upstream of exon 1 and 

exon 2 contain functional promoters we studied promoter 

activity in several cell lines using transient transfection as

says To study differentiation-dependent BMP 4 promoter 

activity we used the human embryonal carcinoma cell line 

Tera 2 These cells are commonly used as a model system to 

study gene regulation during human embryonic differentia

tion l " , 2 J ) The pluripotent undifferentiated Tera2EC cells 

resemble early embryonic human cells and can be induced 

to differentiate in vitro by RA to various cell types mclud 

mg neuronal cells Figure 4A shows that both promoters 

gave at least a 10 fold higher activity in differentiated 

Tera2RA cells than in undifferentiated Tera2EC cells The 

promoter fragments in their reverse orientation are almost 

completely devoid of activity, indicating thai core promoter 

elements are present and transcription is orientation depen 

dent 

Figure 4B shows thai the increase in activity of both 

BMP-4 promoters during differentiation of Tera2 cells is 

accompanied by enhanced transcription of the endogenous 

BMP-4 gene The BMP-4 signal present in Fig 4B corre

sponds to BMP-4 transcripts denved from both promoters 

Semiquantitative RT-PCR analysis showed a high level of 

BMP-4 mRNA in differentiated Tera2RA cells and a low 

level in undifferentiated Tera2EC cells, when compared 

with the GAPDH mRNA level These results indicate that 

in Tera2 cells a direct correlation exists between BMP-4 

promoter activity and endogenous transcription To see 

which regions of the human BMP-4 promoters are essential 

for promoter activity, several promoter deletion constructs 

were tested (see Fig 5) Since BMP-4 plays an important 

role in heterotopic bone formation, we analyzed the activity 

of the promoter mutants in the osteoblast-like cell lines U-2 

OS and HOS-TE85 Analysis of the different 5 -end dele

tion mutants showed that the pattern of promoter activity is 

different in these two human osteoblast like cell lines The 

activity of BMP-4 promoter 1 drops to -50% in U-2 OS 

cells upon removing 400 bp of the 5 -promoter region com

pared with the activity of the longest promoter construct 

(compare pSLA4 1EX with pSLA4 IPX m Fig 5) A fur

ther decrease in activity to 2S% occurs upon successive 

truncation of promoter 1 In HOS TE85 cells however the 

activity of the longest promoter construct is already very 

low when compared with its activity in U-2 OS cells and 

does not change much upon truncation For promoter 2. no 

change in activity was observed in the two cell lines upon 

further truncation (Fig 5) In both Tera2EC and Tera2RA 

cells the basal activity of promoter I only slightly decreased 

upon truncation while the activity of promoter 2 increased 

200% upon truncation (data not shown) 

Interestingly the relative activity of both promoters 

seems to be cell line dependent Promoter 1 has a relatively 

high activity compared with promoter 2 in U-2 OS cells, 

while the opposite is found m HOS-TE85 cells where pro

moter 1 has an almost negligible activity compared with 

promoter 2 This might be attributed to differences in tran

scription factors present in these cell lines To investigate 

this, we analyzed two different transcription factor binding 

elements of promoter 1, by performing a gel mobility shift 

assay using the putative binding sites for GATA and Msx 

present in BMP-4 promoter 1 Figure 6 shows that the 

BMP-4 GATA binding site gives a complex with nuclear 

extracts of HOS TE-85 cells, which is not observed in U-2 

OS cells (open arrow) This band disappeared in the addi

tional presence of a GATA-1-specific antibody, suggesting 

that this factor is present and able to bind the BMP-4 pro

moter 1 in HOS TE-85 cells The BMP-4 Msx sequence 

shows high homology with the well-characterized OC box 

present in the osteocalcin promoter < 2 , ' ) This element con

tains an Msx core binding site, which is known to bind the 

FIG 2 Human BMP 4 promoters Sequence of the human BMP 4 promoter 1 (A) and the human BMP 4 promoter 2 (B) Nucleotides 
are numbered lo the left relative to the major transcription start site (+1) Transcription start sites found by primer extension (#) and by 
RACE PCR (·) are indicated Introns are in normal letters exons in bold letters Positions of primer EX1REV and EX2REV used in 
the primer extension analysis are underlined The position of the alternative splice donor site within exon 1 is indicated by an arrow at 
position + ΠΙ (see promoler 1 in [A]) Putative transcription factor binding sues found by computer analysis using Transfac'3*1 and other 
transcription databases are represented by boxes Cluslers of ATTA binding sites present m promoter 1 (A) are marked by a dashed line 
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FIG. 4. BMP-4 promoter 1 and 2 activity in Tera2EC and Tera2RA cells. (A) The sense promoter constructs 
(pSLA4.1EX [PI] and pSLA4.2PN [P2]) and the antisense constructs (pSLA4.1XE [reverse PI] and pSLA4.2NP [reverse 
P2]) were transfected seperately into Tera2EC cells (open bars) and differentiated Tera2RA cells (black bars). (B) 
Southern blot hybridization of a semiquantitative BMP-4 RT-PCR in undifferentiated and differentiated Tera-2 cells. In 
the upper box, a 702 bp BMP-4 RT-PCR product is hybridized with a 32P-labeled BMP-4 fragment.·2 1 ' In the lower box, 
a 359 bp GAPDH RT-PCR product is hybridized with a human GAPDH-specific probe. 
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FIG. 5. BMP-4 promoter activity in U-2 0 S a n d HOS-TE85 cells. A series of 5' promoler 1 and 2 deletion mutants, linked 
to a luciferase reporter gene (LUC), were transiently transfected into HOS-TE85 (open bars) or U-2 OS cells (black bars). 
Luciferase activity was normalized to ß-galactosidase activity of the cotransfected pCHl 10 plasmid. Each value represents 
the mean (± SEM) of triplicate samples obtained from a single experiment. Data are representative of three independently 
performed experiments. 

Msx homeobox proteins Msx-1 and or Msx-2 efficiently. In 
U-2 OS cells, an additional band is present that is not seen 
in HOS TE-85 cells (black arrow in Fig. 6) Interestingly, 
the band shift pattern of the BMP-4 Msx probe is very 
similar to that observed for the OC Msx, which is known to 
be highly selective for binding of Msx proteins. In addition, 
binding of nuclear factors to the BMP-4 Msx sequence is 
completely blocked when the OC Msx oligonucleotide is 
included as a competitor (Fig. 6). In combination, these 
data suggest that cell type-specific transcription factors are 
involved in the regulation of BMP-4 promoter I. 

DISCUSSION 

In the present study, we cloned and characterized two 
differentially regulated, functional promoters for the hu
man BMP-4 gene. We have presented evidence for a third 
human BMP-4 transcript as a result of the use of an addi
tional splicing site within exon 1. The presence of these two 
promoters in combination with this additional splice event 
results in a complex heterogeneity of the 5' nontranslated 
region of this gene. For the mouse BMP-4 gene< l 4 l ' i ) and its 
Drosophila counterpart OPP,'2"' also multiple transcripts 
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Fig. 6. Binding analysis of nuclear proteins from HOS TE-
85 and U-2 OS cells to BMP-4 promoter mutants Electro-
phorctic mobility shift pattern of HOS TE-85 and U-2 OS 
nuclear extracts resulting from binding to the GATA ele
ment of the BMP-4 promoter 1 (BMP-4 GATA), the 
ATTA box of the BMP-4 promoter 1 (BMP-4 Msx), or the 
OC box of the osteocalcin promoter (OC Msx) Used 
probes are indicated below the lanes To test for complex 
specificity unlabeled oligonucleotides were added at a 100-
fold molar excess, when indicated Anti-GATA-1 mono
clonal antibodies were added at a concentration of 3 μg/ml 
The black arrow indicates the shifted band present in U-2 
OS but not in HOS TE 85 cells when using BMP-4 Msx or 
OC Msx as a probe The open arrow indicates a GATA-1-
specific band present in HOS TE-85 but not in U-2 OS cells 
Abbreviations are as follows NC, no competitor, GATA-1 
ab. antibody against GATA-1, F, free probe 

differing m their 5' region have been described, although 
structurally different from the human transcripts described 
here Also in the case of the mouse gene, evidence has been 
presented for two different promoters, but only the one 
upstream of exon 1 seems to have functional characteris
tics"'1 l , ) Sequence comparison between the human and 
mouse promoters showed 72% homology for promoter I, 
but only 52% for promoter 2 (data not shown) This indi 
cates that for understanding the disregulalion of BMP-4 
gene expression in the case of FOP and osteoporosis, stud 
les on human promoter sequences are required 

In the present study, we have described the identification 
of a novel BMP-4 transcript designated BMP 4 la. derived 
from promoter 1 by an additional splicing of exon 1 In a 
previous report we showed that another promoter 1-de-
rived transcript. BMP4 lab (then called BMP4 1) could not 
be detected in some of the cell lines examined1"'' Using 
primers specific for the BMP-4 la transcript, however, it 
now appears that these cell lines express this alternatively 
spliced transcript instead (data not shown) In human pla
centa, yet another BMP-4 transcript has been reported 
which differs in the 5 noncoding region from BMP 4 

mRNAs described here, resulting in a deletion of six N-
termmal amino acids in the deduced amino acid se
quence '2V> Although a promoter responsible for this tran
script has not been identified, the presence of an additional 
promoter upstream of the two functional promoters re
ported here cannot be excluded The presence of multiple 
BMP-4 promoters and transenpts in various species sug
gests a complex regulation in response to different stimuli, 
perhaps in a tissue- or development-specific manner 

Our current analysis of the two human BMP-4 promoters 
is indicative for a cell type-specific and differentiation-
dependent regulation We have shown that both human 
BMP-4 promoters have multiple transcription start sites, 
but at clustered positions The most frequent site found by 
primer extension was chosen as the major transcription 
start site Like many of the genes that initiate transcription 
from multiple locations, both promoters of the human 
BMP 4 gene contain putative Spi binding sues and lack a 
TATA box Spi is known as a ubiquitous activator which 
has been proposed to recruit the general transcription fac
tor TFIID on TATA-less promoters, leading to an active 
transcription initiation complex ( 1" , The transient transfec-
tion studies show that the shortest promoter constructs that 
still contain putative binding sues for Spi and members of 
the Ets transcription factors are sufficient to drive gene 
expression 

The differences in BMP-4 promoter activity observed in 
U 2 OS, HOS-TE85 and Tera 2 cells are indicative for at 
least a qualitative correlation between promoter activity 
and the presence of BMP4 lab or BMP4 2 transcripts ( " ' , 

High or low BMP-4 promoter 1 activity is associated with, 
respectively, the presence or absence of the BMP4 lab tran
script Northern blot analysis showed that the total amount 
of BMP-4 transcripts is high in U-2 OS but low in HOS
TESS cells (results not shown) This strongly suggests that 
promoter 1 is responsible for the observed difference in the 
endogenous BMP-4 transcription level, since promoter 2 
activity is similar in both cell lines In addition, we have 
found low BMP-4 promoter 1 and 2 activity, in parallel with 
low endogenous transcription levels, in the pluripotent un
differentiated Tera2EC cells, which resemble early human 
embryonic cells Upon short-term treatment (24-48 h) with 
RA, only a 2-fold increase in promoter activity was ob
served (data not shown) but upon cell differentiation fol
lowing a 7 day incubation with RA. a strong increase in the 
activity of both promoters was observed (see Fig 4A) 
These in vitro data are in agreement with the in vivo situ
ation where BMP-4 transcription is not detectable in the 
early steps of embryogenesis while the gene is extensively 
expressed in later stages 0' An increase of BMP-4 mRNA 
levels upon differentiation has also been reported during 
the differentiation of fetal rat calvanal osteoblast cells ( 1 " 

In promoter I several consensus sequences for transact
ing factors were identified, but their role in BMP-4 pro
moter regulation needs further investigation Some infor
mation can be obtained from the gel mobility shift assays 
presented with nuclear extracts of HOS TE-85 and U 2 OS 
cells The decrease in promoter I activity upon truncation 
and the difference in promoter activity between HOS TE-
85 and U-2 OS cells suggests a possible role for GATA 
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transcription factors in BMP-4 promoter regulation Band 

shift analysis indicates the presence of a GATA-1-specific 

band in HOS-TE85, which is not present in U-2 OS Since 

the expected decrease in promoter activity upon truncation 

is not seen in HOS-TE85 cells, this suggests that GATA-1 

may be a negative regulator for BMP-4 promoter activity 

FOP, a heritable disorder in which the slightest injury to 

ligaments or muscles can cause severe inflammation fol

lowed by ectopic endochondral bone formation at the site 

of the injury, is associated with overexpression of BMP-4 in 

the lymphocytes ( ' ' ) In addition to GATA-1, binding sites 

for other lymphoid-specific transcription factors (e g , Pu 1 

and Ets-1) are present in BMP-4 promoter 1 Interestingly, 

Pu 1 knock-out mice exhibit multiple hematopoietic abnor

malities and osteopetrosis, a family of sclerotic bone dis

e a s e s ( 3 2 3 3 ) 

When comparing the sequences of mouse and human 

BMP-4 promoter 1, a highly homologous region is present 

between position -200 and -500 (see Fig 2A) with repeti

tive ATTA box elements These elements are known to be 

putative binding sites for homeodomain-contaimng tran

scription factors like Msx Msx is known to be required for 

BMP-4 autoregulation in dental mesenchyme and has been 

suggested to bind to such TAAT-box containing elements 

in the mouse BMP-4 promoter(34) Nuclear extracts from 

both HOS-TE85 and U-2 OS cells formed similar com

plexes with the BMP-4 Msx box, with an additional com

plex in U-2 OS cells Interestingly, a similar band shift pat

tern was observed with the BMP-4 Msx box and the OC 

box Assuming that all bands seen correspond to complexes 

with Msx-hke proteins, it seems most likely from the pro

moter truncation studies that Msx-hke proteins may serve 

both stimulatory and inhibitory effects on BMP-4 expres

sion The OC box is the principle basal regulatory element 

of the bone-specific osteocalcin gene, which exhibits both 

tissue and developmentally restrictive expression i 2 ' ' ) The 

central core of OC box serves as a consensus binding site 

for Msx proteins, which specifically recognize an Msx con

sensus binding site ( 2 ' ' ) Several studies have suggested that 

Msx-2 is a key regulator of osteocalcin gene expression and 

plays a crucial role in the development of the bone cell 

phenotype In chicken, ectopic expression of Msx-2 in pos

terior limb bud mesoderm induced BMP-4 expression < : , , ) 

The current characterization of human BMP-4 gene pro

moten now allows a screening of reagents for their ability 

to modulate transcriptional regulation of this gene This will 

subsequently allow the development of therapeutic agents 

that can be used for local up-regulation of BMP-4 expres

sion, e g, in osteoporotic tissue In work to be published 

elsewhere, we have shown that a number of antiestrogens, 

which are known to have antiosteoporotic activity, are in

deed able to enhance BMP-4 promoter activity and gene 

expression in osteoblastic cell lines In conclusion, we have 

identified and characterized in this study multiple promot

ers for the human BMP-4 gene Further studies will have to 

indicate how these two promoters are regulated in a cell-

specific and development-dependent manner and which 

transcription factors play a functional role in the expression 

regulation under these conditions 
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Identification of an Spi and c-MYC Binding Site 

in the Human BMP-4 PI promoter 
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6525 ED Nijmegen, The Netherlands 

Human BMP-4 gene transcription is controlled by at least two promoters The proximal so-
called PI promoter, located immediately upstream of exon 1, is icsponsible tor most ot the 
diffeiences in BMP-4 transcription levels observed Previously, we demonstrated that the 
proximal promoter region from nucleotide -253 to +101 contained us-acting elements 
responsible for 25% activity of the full-length promoter In the present study we have luithei 
invesligaled this region using electrophoresis mobility shift assays We show that this part ot 
the promoter contains functional binding motifs tor Spi and c-Myc proteins 

INTRODUCTION 

Bone morphogenetic protein-4 (BMP-4) is known to be involved in several 
developmental processes including ventral mesoderm formation, neurogenesis and 
endochondral bone formation (Wozney et al , 1988; Hogan et al., 1996, Winnicr et 
al., 1995). Our main interest is focussed on the potential of BMP-4 to induce the full 
cascade of bone endochondral osteogenesis during mammalian development. It has 
been shown that BMP-4 transcription increases early in the process of fracture 
healing (Nakase et al., 1994; Bostrom et al., 1995). //; vivo experiments showed that 
upregulation of endogenous BMP-4 transcription promote bone fracture repair in 
mammals even more efficient than addition of the recombinant protein (Fang et al , 
1996) Recent data suggested that disregulation of BMP-4 transcription might be 
involved in Fybrodysplasia Ossificans Progressiva (FOP) (Shafnlz el al., 1996). In 
such patients, BMP-4 transcription is highly upregulaled in lymphocytes, which 
causes ectopic bone formation at the site of early fibromalous lesions. 

Although the expression of BMP-4 is regulated primarily at the level of 
transcription (Rogers et al., 1996), little is known about factors functionally 
involved in BMP-4 gene regulation. In previous studies we described the 
characterization of two promoters present in the human BMP-4 gene (Van den 
Wijngaard et al., 1996). Most of the BMP-4 transcripts identified in human cell 
lines originate from these two promoters (Van den Wijngaard et al , 1996). 
Functional analysis of both promoters in several cell lines indicated that in 
particular the so-called PI promoter, located immediately upstream of exon 1, is 
responsible for changes in BMP-4 transcription levels. This has been verified by 
RT-PCR analysis and transient transfection assays (Van den Wijngaard et al.. 1996, 
Van den Wijngaard el al., 1999). A second promoter, referred to as the P2 promoter, 
is located in intron I. This promoter shows near similar transcription levels in most 
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cell lines studied (Van den Wijngaard et al , 1999) Similarly as found in humans, a 
high level of transcription originating from the PI promoter has also been found in 
the mouse (Feng et al., 1995). 
Using deletion analysis of the PI promoter we showed that the .Vllanking region of 
the gene ranging from nucleotide -253 to + 101 relative to the initiation start site is 
important for transcription ol the human BMP-4 gene. This fragment retained 
approximately 25 ck of the basal activity of the full length promoter, as shown by 
transient transfection assays based on fusion to a luciferase reporter gene (Van den 
Wijngaard et al, 1999). Moreover, this fragment retained the ability to respond to 
activation by anti-estrogens in the presence of the estrogen receptor α (ERa) (Van 
den Wijngaard et al., 2(X)()). This activation was observed in spile of the fact that no 
estrogen responsive elements (EREs) are present in the PI promoter, suggesting that 
other binding elements may be involved in the response to anti-estrogens Although 
we identified several putative consensus binding sequences in this PI promoter 
using computer analysis (Van den Wijngaard et al., 1999), the functionality of these 
sequences in controlling BMP-4 promoter regulation still needs experimental 
verification. Activation of transcription involves the interaction of sequence specific 
activators interacting with factors of the basal transcription machinery. Despite the 
absence of a TATA-box, the 5' Hanking region contains several characteristics of a 
GC-rich promoter, including Spi sites. Transcription from TATA-lcss promoters is 
often reported to be dependent on Spi, which has been suggested to play an 
essential role in assembling basal transcription factors, thereby recruiting the TFIID 
complex to initiate transcription (Pugh et al., 1990; Philipsen and Suske, 1999). 
In the present study we present evidence for a conserved binding site for Spi and 
for c-Myc/Max in the human BMP-4 PI promoter. Binding of Spi occurs to the 
short promoter region (-89/+101), and together with the relatively high promoter 
activity of this region, this suggests an important role of Spi in transcription 
initiation from the TATA-lcss BMP-4 promoter. 

MATERIALS AND METHODS 

Cell culture and transient transfection 
U-2 OS, MG63 and HOS TE85 osteoblast-like human osteosarcoma cells were 
grown to confluence in Dulbecco's Modified Eagle's Medium (DMEM; Gibco 
BRL) containing 10 c7r (v/v) fetal calf serum (PCS; Gibco BRL). Cotransfections 
were performed by the calcium phosphate precipitation method as described in our 
previous studies (Wijngaard el al., 1999) using I μg BMP-4 promoter construct and 
50 ng pCHIK) (Pharmacia), a ß-galactosidasc expression vector. The BMP-4 PI 
promoter fragment -253/+101 was cloned in front of a luciferase gene (pSLA4 (-
253/+101)), as described in Wijngaard el al., 2000. The promoter deletion construct 
-89/+101 was derived from -253/+101 construct by digestion with Sma\ and 
ßrt/jjHI, to remove fragment -253 to -89 nucleotides. Luciferase activity was 
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determined 48 hrs post-transfcclion using the luciterase assay kit (Promcga) and 
corrected for transfeclion efficiency by measuring ß-galaclosidase activity of the 
cotransfected pCHl 10 vector. Experiments were done in duplicate and icpeated at 
least twice with two independent batches ol DNA. 

Oligonucleotides and antibodies 
The double stranded consensus oligonucleotides for Spi (5' 
ATTCGATCGGGGCGGGGCGAGC 3') and API (5" CGCTTGATGAGTCAGCC 
GGAA 3') were obtained from Promega. The consensus binding sites for Els (5' 
GGGGTCCTTGAGGAAGTATAAGAA 3') and c-Myc/Max (5' GGAAGCAGAC 
CACGTGG TCTGCTTCC 3') were purchased from Santa Cruz Mouse IgG 
monoclonal antibody against Spi (100 μg/ml) from Santa Cruz was used for gel 
supershift assays. The BMP-4 specific Spi oligonucleotides (see below) were 
purchased from Eurogcnlcc The complementary strands were annealed and dimers 
were purified from the gel. The mutant oligonucleotides conlained a nucleotide 
subslilution in the Spi binding motif known to disrupt Spi binding (Santa Cruz) 
The BMP-4 specific oligonucleotides were as follows (shown for a single strand): 
Spi AB (5 ' AGGCG AGGTCGGGCGGCTG GAGGGAGGATGTGGGCGGGCTC 
CCATCCCCA 3'), Spi Ab (5' AGGTCGGG CGGCTGGAGGGAGG ATGTGTTC 
GGGCTCCCAT 3'), SplaB (.VAGGTC GTTCGGCTGGAGGGAGGATGTGGG 
CGGGCTCCCAT 3') and Splab (5' AGGTCGTTCGGCTGG AGGGAGGATGT 
GTTCGGGCTCCCAT 3') Mutated bases arc indicated in bold type, while putative 
binding motifs are underlined. 

Probe preparation 
Construct pSLA4 (-253/+101), which thus contains a total of 350 bp derived from 
both the PI promoter and exon I, was used to derive the required probes. Plasmid 
pSLA4 (-253/+101) was digested wilh BamHl and Snial resulting in a BamHl/Smal 
fragment of 170 bp containing a potential c-MYC binding element, or digested with 
Smal and Pstl, which resulted in a SmaMPstX fragment of 190 bp containing two 
potential Spi sites. Fragments were separated from the parental vector by gel 
electrophoresis and subsequently purified from the gel using the Qiaqiuck gel 
extraction kit (Qiagen). Both fragments were labeled by filling in the sticky ends 
with [a- "P] dCTP using Klenow polymerase at room temperature. Double stranded 

oligonucleotides used in the bandshift assays were end-labeled with [7-12P] ATP 
(ICN) and T4 -polynucleotide kinase. Unincorporated label was removed by 
chromatography through a G-50 column. Typically, 10 fmol probe was used in the 
band shift assays with a specific activity of about 3xl()6 cpm/pmol 

Electrophoretic Mobility shift Assay (EMSA) 
Nuclear extracts were prepared by lysation of 1.0 xlO6 cells (treated or untreated) as 
deenbed by Schreiber et al. (1989). Nuclear extracts were frozen and stored in 
aliquots of 10 μΙ at -70 CC. The amount of proteins was determined by comparison 
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with known amounts of bovine serum albumin (BSA) using the Micro protein assay 
kit (BioRad) From the end-labeled probes 5-10 fmol (15-30x10 cpm) were 
incubated at room temperature for 15 mm with 5 pg nuclear extract in the presence 
of 20 mM HEPES pH 7.9. 1 mM dithiothreitol, 100 mM NaCI. 2 μ« poly (dl-dC)-
poly(dl-dC), 4 tf (v/v) FicoU, 0.1 7r Nonidet P-40 and 2 mM PMSF in a final 
volume of 20 μΙ. Where indicated, unlabeled competitor DNA (50- or 200-fold 
excess) was added 5 mm. before adding radiolabeled probe to compete for specific 
DNA binding. For supershift analysis. 60 ng of the appropriate antibody or non
specific antibody was added to the 20 |ll reaction volume subsequent to the addition 
of "P-labeled oligonucleotide probe and incubated 45 mm at room temperature. 
Reaction mixtures were loaded onto a 4 ck acrylamidc gel and elcctrophorcsed foi 
3-4 hours at 120 V in 0.5 xTBE buffer at 40C. Gels were dried and exposed! ο X-ray 
film 

RESULTS 

Previously we showed that a BMP-4 PI promoter fragment ranging fiom nucleotide 
-253 to +101 retained 25 c/c activity of the full length promoter (-1097/+101) and 

strongly responded to the EROt-mcdiatcd effects of anti-estrogens (Van den 
Wijngaard et al , 2000). This promoter fragment of approximately 350 bp contains 
in addition putative binding sites for several transcription factors including SPI, Ets 
and c-MYC (see fig 1). In the current study we focused on the role of the Spi sites 
in the activity of this TATA-less promoter. In order to test the involvement of Spi, 
we shortened the promoter fragment such that it still contained the Spi site but 
lacked the c-MYC binding site (-89/+101). Figure lb shows that the activity of this 
shortened promoter element is 4 - 5 fold higher than that of the fragment (-
253/+101) that still contained the putative c-MYC binding site. This indicates that 
the promoter region containing the c-MYC binding site may contain elements that 
suppress BMP-4 gene expression We therefore included this fragment containing 
the c-MYC binding site (-253/-89) in our band shift experiments 
Figure 2a shows that this latter (-253/-89) promoter region forms a complex with 
nuclear extracts from the osteosarcoma cell line HOS TE85 in an EMSA assay. The 
formation of this complex can be specifically competed by an excess of the 
unlabeled probe (data not shown). In order to demonstrate binding of proteins to the 
CACGTG sequence in this fragment, we competed with this consensus sequence in 
the assay. Figure 2a shows that band marked with c-MYC/MAX is completely 
removed under these conditions. To show the specificity of the complex formation, 
we also competed with a 200-fold excess of unlabeled Spi oligonucleotide, which 
did not result in a change of the EMSA pattern. Since all the shifted bands disappear 
after competition with the c-MYC consensus oligo, these data suggest that the c-
MYC binding element may be involved in the downregulation of BMP-4 PI 
promoter activity in U-2 OS osteosarcoma cells. 
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A) . 253 

ι 
CATGGGTATTTTTGGAAGGTACGGCGACTAGTCGGTGCATGCTTTCTAGTACCTCCG 

cMYC 
CACGTOGTCC CC AGGTGAGCCCCAGCCGCTTCCCAGAGCTGGA.GGCAGCGGCGTCCC AGCTCCGAC GGCAGCTGCGGACTCGGGCGC TGC CTGGGTATTC 

f9 Sp1A Sp1B + 1 

CGGGACCCGGGCCTGCTAGGCGAGGTCGGGCGGCTGGAGGGAGGATGT^GGCGGGCTCCCATCCCCAGAAAGGGAGGCGAGCGAGGGAGGAGGGAAGGAG 

Ets Ets * f 
CGAGGGGCCGCCGGGGAAGAGGAGCAGGAACGAAAGAAAGAAAGCGAGGGAGGGAAAGAGGAGGAAGGAAGATGCGAGAAGGCAGAGGAGGAGGGAGG 

Β) 

Fig. 1 BMP-4 PI promoter constructs used for transient transfecnon in U-2 OS cells A) The 
sequential map of the PI promoter used in the transfecnon assays and EMSA. with transcription 
factoi binding sites (boxed) Transcription start site is denoted by +1 Numbers indicates the 
positions of sites used loi cloning in the luciferase vector B) Transient transtcction ol construct 
pSLA4 (-253/+101) and pSLA4 (-89/+I0I) into U-2 OS cells, as described in Materials and 
MnrhrvHc 

Figure 2b shows that the 3' promoter fragment of 190 bp (-89/+101) forms several 
complexes with nuclear extracts of HOS TE85 cells. These bands disappear from 
the EMSA pattern when competed with an excess of unlabeled probe (data not 
shown). In this part of the promoter several DNA motifs arc present that share a 
centrally located 5'-GGAA-3' element to which members of the Ets family 
including Els-1, PEA3 and Pu. 1 can bind. Furthermore, two potential Spi binding 
sites are present of which the second is also present in the mouse BMP-4 gene 
(Kunhara et al., 1993; Feng el al., 1995). The fragment (-89/+101) which contains 
Spi and Ets like binding sites showed several shifted bands of which the one 
indicated as Spi is the most prominent one (fig. 2b). Competition with an Spi 
consensus oligonucleotide complelely abolished this band, even at low 
concentrations. To indicate the specificity of the Spi competition we also competed 
with API, which showed no difference in the shifted band. Surprisingly, also no 
difference in mobility shift was observed when the Els consensus oligonucleotide 
was used as a competitor. This result underlines the presence of a Spi binding site, 
but not the presence of an Ets binding site in this part of the promoter. 
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promoter. Tig la) B) Positions of the Spi complex (Spi) and the free probe (F) are indicated 
Concentrations of competitor oligonucleotides are shown as molar excess compared to the 
concentration of the 3' Smal/Pvl probe (-89/+101 in PI promoter, fig lb) The arrows indicate the 
major shifted bands Abbreviations are as follows N. no nuclear extracts, NC. no competitor, F, free 
nrobo 

To confirm that the intense band present in Fig.2b was indeed caused by Spi, wc 
also performed an Spi supershift using a Spi antibody (fig. 3). The Spi specific 
band specifically disappeared in the presence of the antibody although a supershift 
was not observed. This is most likely explained by the fact that the complex of Spi 
formed with the antibody is not capable of migrating into the gel because of its size. 
However, the data of figs. 2 and 3 combined show that competition with an Spi 
consensus probe and addition of an Spi antibody result in removal of the same 
band. No detectable bandshifts were observed when using a non-specific antibody 
(results not shown). In addition we observed a similar bandshift pattern when 
nuclear extracts from different cell lines were used, including HOS TE85, U-2 OS 
and MG63. However, the Spi-shifted band was less intensive with nuclear extracts 
of U-2 OS than with nuclear extracts of the other cell lines, which was probably due 
to the quality of extracts. 
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Fig. 3. Spi gel mobility shift of the 5' BMP-4 promoter fragment with nuclear extracts of several 
osteosarcoma cell lines. As indicated, a 2(K)-fold excess of Spi oligonucleotide was added or 60 ng 
monoclonal Spi-antibody. Abbreviations are as follows: N. no nuclear extracts; NC. no competitor; F. 
free probe. The arrows indicate the major shifted bands. 

There are two putative Spi binding sites in the BMP-4 promoter, designated Spia 
and Splb in fig la, of which the Splb binding site is conserved between the mouse 
and human BMP-4 gene. Spi is a transcription factor that recognizes 
GGGGCGGGG and closely related sequences, also known as 'GC' boxes. In Tig. 4 
we used several Spi oligonucleotides containing a perfect consensus binding site or 
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mismatches known to specifically disturb Spi binding in a bandshill assay The data 

show that the Spi bands are fully competed not only by a complete consensus Spi 

oligonucleotide but also by a SO bp oligonucleotide designated Spi AB which 

contains both the intact SplA and Spi Β sites as shown in fig 4a In the presence ol 

a competitive oligonucleotide in which the SplA site contains mismatches while 

Spi Β is still intact (referred as SplaB) the shifted Spi band disappeared However 

when Spi Β is mutated and SplA is intact (referred as Spi Ab) or when both are 

mutated (relened as Splab) no competition was observed (fig 4b) Similar results 

were obtained when the above Spi AB oligonucleotide and mutated variants were 

used directly in a bandshill assay (data not shown) Moreover competition for 

binding of Spi to the Spi AB oligonucleotide was also observed in the presence ol 

the BMP-4 promotci Iragment ( 89/+101) These results indicate that the Spi Β site 

is most likely a functional Spi site whereas SplA is not In this experiment we also 

show that bandshills with large promoter fragments and competition with specific 

oligonucleotides is a last method to identify potentially impoitant regulatoiy 

elements However mutational analysis of the BMP-4 promoter or in \i\o footprint 

studies should confirm whether the transcription factor binding sites identified in 

this study aie indeed involved in the regulation of BMP 4 gene expression 

DISCUSSION 

Analysis of the human BMP 4 PI promotci has identified a region Irom -2*53 to 

+ 101 relative to the transcription initiation site which contains a consensus c MYC 

and Spi binding site on the basis ol gel mobility shilt experiments The presence ol 

both a c-MYC and an Spi in a small region of the BMP-4 PI promoter is similar to 

the organisation observed in other TATA-less promoters, eg the Msxl promoter 

(Takahashi et al , 1997) In transient transfection assays we found that the basal 

promoter activity increases 4 to 5 fold when the c-MYC binding site is deleted The 

c-MYC binding element in human BMP-4 PI promoter might therefore be 

responsible for negative BMP-4 promoter regulation Increasing evidence supports 

an important role of c-MYC in the downregulation of specific gene transcription 

through proteins of the basal transcription machinery (Facchini el al 1997) 

Recently the same element was identified as a so called E box binding site in the 

mouse BMP 4 PI promoter (Ebara el al 1997), which suggest that this binding site 

is highly conserved between species The canonical E-box (CACGTG) is known as 

consensus binding site for proteins ol the Myc gene family such as c-MYC MAX 

and MXI 1 or the family ol MAD proteins The c-MYC protein activates 

transcription as part ol a heteromeric complex with MAX, while heterodimenzation 

with MAD represses transcription (Bernards et a l , 1995) There is a strong 

correlation between elevated c-MYC gene expression and active proliferation in 

growth-stimulated cultured cells and in developing tissues (Hennksson and Luscher, 

1996) It has been reported that proliferation of both osteoblasts and osteoclasts is 

accompanied by an increase of c Myc mRNA (Onyia el a l , 1995) In addition, the 
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MAD family of proteins has shown to play a role in ihe maintenance of progenitor 
chondrocyles from which conslanlly differentiated offspring is generaled (Sakano el 
al., 1997; Queva el al., 1998). Mad expression is dctecicd at low levels in 
proliferating mesenchymal cells and al higher levels in quiescent condensed 
chondrocyles (Queva et al.. 1998). In conclusion, this suggests thai an increase of c-
MYC levels mighl downregulatc BMP-4 experession during prolifcraiion of 
osteoblasts, while MAD might be able lo induce BMP-4 expression in differentiated 
osteoblasts. 
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Fig. 4. Gel relardation and inulation analysis of the Spi site. A) Sequence of Spi compelilor probes. 
SplAB is BMP-4 promoler I region -81/-3I. Doited lines indicale non-mulated nuclcolides. 
Nucleotides underlined conslilule Ihe Spi core sequence. B) Nuclear extracts (3.5 μg) of HOS TE85 
cells were incubated with labeled 200 bp 3' BMP-4 probe in the presence of non-specific compelilor 
DNA and specific Spi competitor for 30 min at room lemperature (see fig. 4A). Protcin-DNA 
complexes were separated on a Polyacrylamide gel. Abbreviations arc as follows: N. no nuclear 
extracts; NC, no competitor; F, free probe. The arrows indicale the major shifted bands, bold arrow 
indicates Spi complex. 
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Disruption ol the Spi recognition motit abolished the Spi specific retarded bands in 
the gel shift assay indicating that one of the two Spi sites present in the BMP-4 
gene binds Spi The multiple bands found in the Spi mobility shift can be 
explained by different complexes foimed on the DNA Although we only referred to 
Spi in the mobility shift we cannot exclude the binding of other Spl-related 
proteins to the BMP-4 promoter Possible candidates could be the Spl-related 
factors Sp2 Sp3 (SPR-2) and Sp4 (SPR I) which bind to similar DNA consensus 
sequences (reviewed by Philipscn and Suske 1999) Interestingly the early 
response gene Erg-1 also known as Zil 268 has been reported to inhibit Spi action 
by competing loi binding to an overlapping binding motif (Ackerman et al 1991) 
Putative binding sites lor Zil268 have been identified in a number ol BMP 
promoters including that ol the BMP 2 gene (Sugiura 1999) A possible combined 
role ol Spi and Zif268 in BMP 4 regulation needs further investigation 

Transient transleclion assays with the PI promoter region -89 /+101 
showed an increase in basal activity to about 8()<7r ol the lull length promoter 
activity This small PI promotei region containing the Spi site was still able to 
respond to anti-estrogen as tested in transient transleclion assays (Van den 
Wijngaard et al 2()()()) I here aie some reports that suggest that ERa and Spi can 
mutually interact which might help to explain the stimulatory effects of anli-
cstrogens on the BMP-4 piomoter activity Bandshift assays with nuclear extracts 
Irom MCT-7 and Hela cells have shown that both ERa and Spi bind to an Spi-like 
sequence from the calhcpsin D promoter (Krishnan et al , 1994) A similar 
interaction between an ERa and Spi like sequences has been described for 
promoters ol the creatine Β (Wu-Peng et al 1992) and the c-Myc gene (Dubik el 
al 1992) However our initial attempts to show a direct interaction between ERa 
and the Spi binding site ol the BMP-4 PI promoter were not successful Since the 
activation and complex lorming of both Spi and ERa might need flanking 
sequences of the Spi consensus binding site to increase the affinity and specificity 
of the transcription factors wc used the entire 200 bp promoter fragment in our 
bandshift analysis However the resolution of the migrating complexes was 
insufficient to draw definite conclusions about a possible interaction The use ol 
double-stranded oligonucleotides might result in a higher resolution compared to the 
long promoter Iragmcnl used so far but this will have to await further experiments 
The present study demonstrates that Spi binds to consensus sequence Spi Β in the 
BMP 4 promoter and could be involved in the regulation ol BMP-4 expression 
Recently, a polymorphism affecting a Spi binding site in the promoter of the 
collagen type I alpha gene was found to be correlated with osteoporosis (Langdahl 
et al, 1998, Grant el al, 1996) This polymorphism not only correlated with bone 
mass, but also with bone loss and the impact of an osteoporotic fracture In light of 
these observations further studies on the role of Spi in BMP-4 promoter activity 
and its possible interaction with ERa still might be of direct clinical relevance 
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Bone morphogenetic protein-4 (BMP-4) plays an 
important role in the onset of endochondral bone 
formation in humans, and a reduction in BMP-4 
expression has been associated with a variety of 
bone diseases. Here we describe, by transient 
transfection assays in bone cells, that the human 
BMP-4 promoter recently characterized in our lab
oratory can be stimulated specifically by antiestro
gens but not by estrogens or other steroid hor
mones. This activity is dependent on the presence 
of the estrogen receptor (ER)-a, although the pro
moter lacks a consensus estrogen-responsive el
ement. No activity was observed in the presence of 
ER/J, but synergy was observed when both ER sub
types were cotransfected. The observed stimula
tion of BMP-4 promoter activity by antiestrogens 
appeared bone cell specific and was reversed 
upon addition of estrogens. Since antiestrogens 
are known to be effective in hormone replacement 
therapies for postmenopausal women, this obser
vation may help to develop new strategies for 
treatment and prevention of osteoporosis. (Molec
ular Endocrinology 14: 623-633, 2000) 

INTRODUCTION 

Bone remodeling is due to a fine balance between bone 
formation and bone degradation to keep bone strength 
and density intact during a lifetime Disturbances of this 
balance can result in severe diseases such as osteopo
rosis (1) The ma|or risk group is formed by postmeno
pausal women of which some 30% will suffer from frac

tures indirectly caused by this disease During 
menopause, estrogen deficiency induces bone loss as a 
result of increased bone resorption, leading to an en
hanced susceptibility for fractures It has been known for 
more than a decade that treatment of postmenopausal 
women with estrogens protects against bone loss and 
results in increased bone strength (1, 2) The benefits of 
this treatment are not separable, however, from undesir
able side effects including stimulation of breast and en
dometrial cell proliferation concomitant with enhanced 
risk of tumor formation in these tissues (3) Current re
search in this field focuses particularly on the role of 
antiestrogens, which have been shown to be as effective 
as estrogens in hormone replacement therapy for the 
treatment of osteoporosis but lack the negative side 
effects on breast and endometrium observed with estro
gens (4) However, genes specifically activated by an
tiestrogens and involved in bone formation during osteo
porotic diseases are still largely unknown (5) 

Bone morphogenetic proteins (BMPs) are polypep
tide growth factors that, upon ectopic application, are 
able to stimulate de novo cartilage and bone formation 
by stimulating the full cascade of the endochondral 
bone formation process in a similar pattern as occurs 
during embryonic development and fracture repair (6, 
7) In addition, recent studies have indicated that in the 
early process of fracture healing the concentration of 
BMP-4, a member of the BMP family, increases dra
matically (8, 9) An in vivo experiment showed that 
up-regulation of BMP-4 gene transcription in geneti
cally modified fibroblasts resulted directly in an in
crease of local bone formation during bone fracture 
healing (10) These observations indicate a direct link 
between BMP-4 gene transcription and the onset of 
bone formation Moreover, a reduction in active BMP 
levels can result in symptoms strongly resembling 
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those of osteoporosis, suggesting that this disease 
may be correlated with a reduced expression of BMP 
genes (11). This has led investigators to propose that 
local up-regulation of BMP gene activity may be ef
fective in treatment of osteoporosis (12). 

Over the last years, we have been studying the 
genomic organization and expression regulation of the 
human BMP-4 gene. This gene is highly conserved in 
mammals and consists of 5 exons, of which only exon 4 
and 5 encode the BMP-4 protein (13, 14) Two different 
promoter regions have been identified in the human 
BMP-4 gene, of which the so-called promoter 1 (P1) 
immediately upstream of exon 1 seems particularly in
volved in modulation of transcriptional activity (13,15) In 
the present study we have investigated the effects of a 
number of steroid hormones, including both estrogens 
and antiestrogens, on the activity of the BMP-4 P1-
promoter in human osteoblastic cells The results show 
that antiestrogens such as raloxifene, but not estrogens, 
are able to up-regulate BMP-4 P1 -promoter activity in an 
estrogen receptor (ER)-a-dependent manner The BMP-4 
P1 -promoter does not contain a consensus estrogen-
responsive element (ERE) but shows a punne-nch 
stretch that has been suggested to act as a raloxifene-
controllmg element in the promoter of the human 
transforming growth factor (TGF)-/33 gene (16,17). The 
specific up-regulation of BMP-4 transcription by an
tiestrogens may provide a new concept for the treat
ment of age-related bone diseases. 

RESULTS 

To test the effects of estrogen-related hormones on 
the activity of the BMP-4 promoter in human bone 
cells, we used the U-2 OS osteoblast-like cell line, 
which shows relatively high expression levels of the 
BMP-4 gene but lacks detectable ERa (1Θ, 19). After 
transient transfection of these cells with the BMP-4 
PI -promoter construct linked to luciferase, it is shown 
in Fig 1 that addition of the antiestrogen raloxifene 
resulted in a more than 3-fold increase in promoter 
activity in a dose-dependent manner. This increase in 
promoter activity was only observed upon cotransfec-
tion of ERa and required the presence of P1 -promoter 
sequences This effect of raloxifene could not be mim
icked by the natural ERa agonist 1 Tß-estradiol (E2), 
which showed no effect in this assay In contrast, 
strong stimulating effects of E2 were observed in U-2 
OS cells transfected with an estrogen-responsive lu
ciferase reporter construct (4xERE-TATA-Luc, Ref 
20), which were not observed upon addition of ralox
ifene (Fig 1) This shows that the inability of E2 to 
stimulate BMP-4 promoter activity is not due to insuf
ficient amounts of cotransfected ERa. 

To test the selectivity of the raloxifene effect on the 
BMP-4 PI-promoter, we investigated whether it could 
be mimicked by other steroid hormones Figure 2A 
shows that the activity of the BMP-4 P1 -promoter is 
not enhanced by treatment with either the progester-
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Fig. 1. ERa-Mediated Effecls of E2 and Raloxifene on Luciferase Activity of Reporter Constructs Linked to Either the BMP-4 
Promoter (BMP4-luc) Construct (-1097/+242) or to an ERE-Contaming Promoter (4xERE-TATA-Luc) 

Individual reporter constructs were transiently transfected into U-2 OS cells in the additional presence of an expression plasmid 
for ERa (A) Cells were treated for 16 h with different concentrations of Ej. raloxifene, or no hormone Data and sample standard 
deviations were obtained from at least three independently pertormed transfection experiments in duplicate As negative controls 
the empty reporter construct pSLA4 has been tested, as well as the BMP-4 promoter in the absence of ERn (B) Bar symbols used 
open bars, no hormone, vertically hatched bars, 10 9 M E2, horizontally hatched bars, ΙΟ" 7 M E2, gray bars, 10 9 M raloxifene, black 
bars, 10 ' M raloxifene 
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Fig 2. Effects of PR and GR Agonists and Antagonists on BMP-4 Promoter Activity 
U-2 OS cells were transiently transtected with either the mouse mammary tumor virus (MM7V) promoter or the BMP-4 promoter 

construct (-1097/-242) linked to luciferase in the additional presence (-) or absence (-) of either (A) a human PR expression 
vector (PR) or (B) a human GR expression vector (GR) In panel A, cells were treated for 16 h with either no ligand (white bars) 
the progeslerone analog Org2058 (10 " M , gray bars) or theanti-progestagen RU486(10 e ui, black bars) ln(B) cells were treated 
for 16 h with either no ligand (white bars) dexamelhasone (10 7 M, gray bars) or the the anti-glucocorticoid Org34116 (10 6 M, 
black bars) Data and so represent the results of two independent experiments in duplicate 

one receptor (PR) agonist Org2058 or the antagonist 
HU486, both in cells transfected with or without the 
PR Figure 2B shows that dexamelhasone and the 
glucocorticoid receptor (GR) antagonist Org34116 are 
also without effect, both in cells transfected with or 
without the GR In contrast, strong stimulating effects 
of both progesterone (Fig 2A) and dexamelhasone 
(Fig 2B) were observed in cells transfected with a 
luciferase construct under the control of the mouse 
mammary tumor virus (MMTV) promoter, which is 
known to contain both a functional progesterone- and 
a glucocorticoid-responsive element (21) These data 
combined show that the human BMP-4 PI-promoter 
may contain putative antiestrogen controlling ele
ments that are not sensitive to other steroid hormones 

To investigate the specificity and sensitivity of the 
raloxifene effect, we tested the effects of various other 
antiestrogens in a dose-response experiment. Figure 
3A shows that the steroidal antiestrogen ICI 164384 is 
even more active than raloxifene in inducing BIVIP-4 
P1 -promoter activity, both acting at an optimum con
centration of 10 7 M, while the nonsteroidal antiestro
gen tamoxifen (22) is much less effective in this assay. 
Interestingly, this order of potencies perfectly matches 
that of their known antagonistic effects toward a con
sensus ERE sequence (23), indicating that they are in 
direct competition with E2 for binding to ERa. This 
hypothesis is further supported by the observation 
that E2 effectively blocks 10 9 M raloxifene-mduced 
BMP-4 promoter activity in a dose-dependent manner 
(Fig 3B) The half-maximum inhibitory effect observed 
for E2 (10 1 0 M) IS in line with the known affinities of 
these ligands for ERa . 

To investigate whether the observed effects are 
specific for bone cells such as U-2 OS, similar studies 

as above were also carried out in the human breast cell 
line MCF-7 and the human endometrium cell line 
ECC-1, both of which are known to be estrogen re
sponsive (24, 25). All three cell lines showed activation 
of the 4xERE-TATA-Luc construct by E2, but not by ICI 
164384 (Fig 4) In the case of U-2 OS cells, cotrans-
fection with ERa was required, but in the case of the 
MCF-7 and ECC-1 cells the endogenous levels of ER« 
were sufficient to mediate this effect Activation of 
BMP-4 PI-promoter activity by raloxifene, however, 
was only observed in U-2 OS cells and not in MCF-7 
and ECC-1 cells, not even when additional ERa was 
cotransfected into the latter two cell lines (data not 
shown) This shows that, in addition to antiestrogens 
acting through putative antiestrogen-controllmg ele
ments, transcription factors acting through other pro
moter elements must also be involved in the cell type-
specific expression of this gene, this in spite of the fact 
that, at least at the RT-PCR level, both MCF-7 and 
ECC-1 cells show low expression levels of the BMP-4 
gene (Ref 26 and W. Τ Steegenga, unpublished) 

The above observations show that the enhancement 
of BMP-4 promoter activity by antiestrogens in U-2 OS 
cells requires the presence of ERa without the involve
ment of a consensus estrogen-responsive element 
(ERE) To locate the position of a putative antiestro
gen-controllmg element in this promoter, we tested 
the activity of various deletion mutants of the BMP-4 
PI-promoter Earlier studies on the human TGF-/33 
gene have indicated that polypurme stretches may be 
involved in promoter activation by raloxifene (16,17). A 
purme-nch sequence is indeed present in the BMP-4 
P1-promoter approximately 100 nucleotides down
stream from the transcription initiation site (see Fig. 
5B). To locate the region involved in antiestrogen ac-
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Fig. 3. Dose-Dependenl Stimulation o( BMP-4 Promoter 
Activity by Antiestrogens (A) and Inhibition of Promoter Ac
tivity by E2 (Β) 

U-2 OS cells were cotransfected with the BMP-4 promoter 
construct (-253/ + Θ4) and the ERQ expression vector, simi
larly as in Fig 1 A, Stimulatory effect of raloxifene (•), 
tamoxifen (•) and ICI 164384 (A) in comparison with E2 (•) 
Β Inhibitory effect of E? in the presence ( • ) or absence (T) of 
raloxifene (10 9 M) Data and so represent the results of two 
independent experiments in duplicate 

tion, we therefore made both 5'- and 3'-deletion mu
tants of the BMP-4 promoter. It is shown in Fig 5A that 
5'-deletion of the promoter from (-1097/+242) to 
(-253/-I-242) resulted in a 25% reduction of basal 
promoter activity, without affecting the stimulating po
tential of raloxifene Subsequent truncation from the 
3'-side resulted in a strong reduction of basal pro
moter activity, such that the smallest construct tested 
(-253/+30) had only 10% activity of the initial pro
moter construct. Interestingly, further truncation from 
the 5'-side resulted in enhancement of activity, as 
shown for the (-89/+101) construct However, in all 
constructs tested, raloxifene was still able to induce a 
3-fold activation, also under conditions in which the 
above mentioned polypurme sequence in the pro
moter is no longer present As expected, E2 was un
able to induce activation of the various BMP-4 pro
moter constructs and only showed activity toward the 
consensus ERE-contaming construct (Fig. 5A). From 
these data it can be concluded that the antiestrogen-
controllmg element in the BMP-4 promoter is most 
likely located within the sequence (-89/+30), while no 

(AL 

ι r 
4x ERE-TATA-Luc BMP4-LUC 

4x ERE-TATA-Luc BMP4-LUC 

(C) 

^ — . C ^ 3 ^ ^ 
4x ERE-TATA-Luc BMP4-LUC 

Fig. 4. Cell Specificity of ER«-Mediated Effects of Anties
trogens on BMP-4 Promoter Activity 

U-2 OS (A). MCF-7 (B), or ECC-1 (C) cells were transiently 
transfected with either the BMP-4 promoter construct (-253/ 
+ 84) or the ERE containing promoter construct (4xERE-
TATA-Luc) and subsequently treated with either no hormone 
{white bar) 10 β M E2 (gray bar) or 10"e M ICI 164384 (black 
bar) Data and so represent the results of two independent 
experiments in duplicate 

evidence could be obtained for the involvement of 
purme-nch stretches that have been shown to be re
sponsible, in part, for the raloxifene response on the 
TGF-/33 promoter (16, 17). 

The (-Θ9/-Ι-30) nucleotide sequence of the human 
BMP-4 P1 -promoter contains two putative Spi bind
ing sites, while further upstream a putative c-Myc 
binding site is present (see Fig. 5B) A similar c-Myc 
binding sequence, designated the Ε-box, has been 
identified in the mouse BMP-4 promoter, in which it 
functions as a negatively regulatory element (27) This 
may explain the increase in basal activity of the human 
BMP-4 PI-promoter upon 5'-truncation from -253 to 
-Θ9 (see Fig. 5A) To test whether Sp1-like molecules 
may bind to the antiestrogen-sensitive part of the 
BMP-4 PI-promoter, an electrophoretic mobility shift 
assay (EMSA) was carried out on the -89/+101 pro
moter construct. Figure 6 shows that a specific com-
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-253 c-Myc 
ATGGGTATTTTTGGAAGGTACGGCGACTAGTCGGTGCATGCTTTCTAGTACCTCCGpACGTGjGTCC 

CCAGGTGAGCCCCAGCCGCTTCCCAGAGCTGGAGGCAGCGGCGTCCCAGCTCCGACGGCAGCT 
-89 Spi 

GCGGACTCGGGCGCTGCCTGGGTATTCCGGGACCCGGGCCTGCTAGGCGAGGTcEjGGCGG r̂G 
+1 Spi 
GAGGGAGGATGTJGGGCGG^CTCCCÄTCCCCAGAAAGGGAGGCGAGCGAGGGAGGAGGGAAG 

+30 
GAGGGAGGGGCCGCCGGGGAAGAGGAGGAGGAAGGAAAGAAAGAAAGCGAGGGAGGGAA 

+84 +101 
AGAGGAGGAAGGAAGATGCGAGAAGGCAGAGGAGGAGGGAGGGAGGGAAGGAGCGCGGA 

GCCCGGCCCGGAAGCTAGGTGAGTGTGGCATCCGAGCTGAGGGACGCGAGCCTGAGACGCC 
+242 

GCTGCTGCTCCGGCTGAGTATCTAGCTTGTCTCCCGATGGGATTCCCGTCCAAGCTATCTCGA 

Fig. 5. Localization of Antiestrogen Controlling Elements in the BMP-4 PI-Promoter 
A The full-length promoter was truncated at both the the 5 - and 3 -site, and the obtained deletion mutants (constructs) were 

tested for stimulation by Ej (10 ' M) and raloxifene (10 ' M ) after transfection ol U-2 OS cells in the additional presence of ERa 
As controls, the promoterless pSLA4 vector and the 4xERE-TATA-Luc vector were tested Luciferase activity data are expressed 
relative to that of the full-length promoter, which was set at 100% Mean values and SEM are based on the results of the indicated 
number of independent experiments, each carried out in triplicate (n) In the case of an experiment with η = 1, the SEM in the 
triplicate values of that experiment is indicated B, Nucleotide sequence of human BMP-4 promoter 1 construct (-253/ + 242), as 
taken from Van den Wijngaard ef al (15) The +1 position indicates the transcription initiation site, while the punne-rich region 
showing homology with the proposed raloxifene controlling element in the TGF-ß3 promoter (16, 17) is underlined The boxed 
areas denote the putative c-Myc and Sp1 binding sites immediately upstream of the transcription initiation site 

plex is formed with nuclear extracts from U-2 OS cells, 
which can be competed by addition of a 100-fold 
excess of unlabeled consensus Spi oligonucleotide 
Furthermore, the same band disappears when the nu
clear extract is incubated with antibodies specific for 
Spi No change in Sp1 binding pattern was observed 
upon addition of estrogens or antiestrogens in cells 
cotransfected with the EH (data not shown), in which it 
should be taken into account that only a fraction of the 
cells are actually transfected under these conditions. 

Recently, a second ER, designated ERß, has been 
identified (28) Since the presence of the ERa was 

found to be required for activation of the BMP-4 pro
moter by antiestrogens, we investigated whether ERß 
had similar activity as ERa in this assay Figure 7A 
shows that, unlike ERa, cotransfection of ER/3 into U-2 
OS cells does not result in antiestrogen-mduced acti
vation of the BMP-4 promoter, also not at elevated 
hormone concentrations Both in cells transfected with 
ERa and ER/3, E2 was able to activate ERE activity (Fig 
7B), which is indicative for the functional expression of 
both receptor molecules. Since ERa and ERß can form 
functional heterodimers both in vivo and in vitro (29, 
30), we also analyzed the effects of cotransfection of 
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Fig β Interaction of BMP-4 P1-Promoter Element ( 89/ 
^101) with Nuclear Proteins of U-2 OS Cells 

Gel mobility shift was carried out as described in Materials 
and Methods either in the presence of a 100-fold excess of 
unlabeled Spi consensus oligonucleotide or 60 ng of anti-
Spl antibodies The major Sp1-specific band and the free 
radiolabeled promoter (probe) are indicated by the arrows 

both receptors on antiestrogen-mduced stimulation of 
BMP-4 promoter activity Figure 7C shows that rela
tively high amounts of ERa expression vector (1 0 μg) 
must be transfected into U-2 OS cells to observe 
stimulation of BMP-4 promoter activity by ICI 1643Θ4, 
while similar amounts of ER/3 expression vector are 
without activity Interestingly, transfection of a combi
nation of ERa and ER/3 expression vectors shows high 
levels of stimulation, also at concentrations at which 
the two receptors, individually, are hardly active This 
synergy observed in the presence of both receptors 
suggests that the stimulatory effect of antiestrogens 
on BMP-4 promoter activity may not only be mediated 
by ERa/ERa homodimers, but also by ERa/ERß 
heterodimers 

DISCUSSION 

Both estrogens and antiestrogens are known to in
crease bone strength and to protect against age-
related bone loss BMPs are direct stimulators of bone 
formation, and therefore local up-regulation of the pro
duction of these morphogens may be of direct use for 
treatment of bone diseases such as osteoporosis (12, 

31) Here we show that one of the actions of anties
trogens is to stimulate the expression of the BMP-4 
gene in human osteoblastic cells The effect requires 
ERs, is counteracted by estrogens, is specific for bone 
cells, and is mediated by an element within a small 
region of the BMP-4 promoter that lacks a consensus 
ERE The action of antiestrogens in bone is generally 
explained by a decrease in bone resorption due to 
inhibition of osteoclast maturation (2, 32), but the cur
rent data show that antiestrogens may also be directly 
involved in bone formation by enhancing the produc
tion of bone-stimulating morphogens 

Various osteoblast cells have been reported to con
tain functional ERs (33 34) suggesting that estrogens 
may play a direct role in the functioning of these cells 
The human osteoblast-like cell line U-2 OS lacks de
tectable ERs and can, therefore, be used as a model 
system to study the precise role of ERs in estrogen 
and antiestrogen-mediated effects on bone cells Our 
results show that antiestrogens stimulate while estro
gen represses BMP-4 promoter activity in these cells 
with a potency that is inversely related to their ability to 
activate through EREs This observation indicates that 
the biological effect of estrogen-related hormones 
strongly depends on the nature of the target gene 
studied Most likely the conformation of the antiestro-
gen/ERa complex is such that it prevents transcrip
tional activation when bound to the ERE but facilitates 
transcription when interacting with antiestrogen-
controllmg elements Recent reports indeed show that 
the conformation of the ER ligand-bindmg domain 
(LBD) is determined by the nature of the interacting 
ligand and that these conformational changes deter
mine which nuclear transcription factors can be 
bound, resulting in either an active or a nonactive 
transcription complex (35) Cofactors known to inter
act with the LBD of the ER might have an important 
role in this process Several of such cofactors have 
been identified, including SRC-1 (steroid receptor co-
activator 1) and SMRT (silencing mediator of retmoic 
acid and thyroid hormone receptors), which are known 
to play a crucial role in ER-mediated gene transcrip
tion by estrogens and antiestrogens (36) 

In the case of the TGF-/33 promoter a purme-nch 
sequence has been suggested to play a role in the 
transcriptional activation by raloxifene Although this 
polypurme sequence was initially characterized as a 
putative raloxifene-controllmg element, later studies 
indicated that it was involved in, but not essential for, 
stimulation of promoter activity by raloxifene (16 17) 
A similar purme-nch sequence is present 3' of the 
transcription initiation site of the human BMP-4 pro
moter, but our studies did not provide any evidence for 
an involvement in the observed stimulatory effects of 
antiestrogens, since both the smallest promoter con
structs tested in this study (-253/+30 and -89/+101) 
still contained their sensitivity toward antiestrogens 
This region contains two consensus Spi-binding sites 
which, in U-2 OS cells, appear to be functional in 
binding of this transcription factor (see Figs 5 and 6) 
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Fig 7 Role of ERß in Antiestrogen Induced Activation of the BMP-4 Promoter 
A Dose-dependent effect of raloxifene ( • ) ICI 164384 (•) and E2 (A) on the BMP-4 promoter construct (-253/+101) after 

transfection into U-2 OS cells together with ERß expression vector Β Effect of cotransfection of ER« or ERß on E2-induced 
activation of the 4xERE-TATA-Luc vector in U-2 OS cells Either no hormone (white bars) or E2 (black bars) was added at a 
concentration of 10 ' M C Effect of cotransfection of ERa and ERß expression Plasmids on antiestrogen-induced activity of the 
BMP-4 promoter construct (-253/+101) in U-2 OS cells Either no hormone (white bars) or ICI 164384 (grey bars) was added at 
a concentration of 10 β M ER Plasmids were added in the indicated amounts whereby the total amount of plasmid was kept 
constant by adding the indicated amounts of empty pKCRE expression vector Data and so represent the results of two 
independent experiments in duplicate 

Similar Sp1 -binding sites have been observed in the 
promoter regions of other genes that are specifically 
up-regulated by antiestrogens, including TGF-ß3 (16), 
c-Myc (37) and qumone reductase (38) Moreover, sev
eral reports descnbe that the ER can bind the nuclear 
transcnption factor Spi in a hormone-dependent man
ner (39-41), thereby enhancing Sp1 binding to DNA (42) 
In a recent study, similar enhancing effects of ERa on 
Spi activity have been descnbed after the addition of E2 

to human breast cells (43) Further studies will have to 
indicate whether similar Spl/ERa complexes are formed 
with the BMP-4 PI -promoter in antiestrogen-treated U-2 
OS cells 

The up-regulation of BMP-4 promoter activity by 
antiestrogens appears to be specific for bone cells In 
addition, our data show that relatively large amounts 
of ERa must be transfected to be effective The ob
servation, that the breast cell line MCF-7 and the en
dometrium cell line ECC-1 do not respond in a similar 
way, may be due to a limiting number of endogenous 
ERs, although these are clearly sufficient to activate 
the classical ERE However, also after transfection of 
additional ERa receptors into these cells, a negligible 
response of antiestrogens was observed, illustrating 
the tissue-selective action of estrogen analogs (44) 
Most likely, additional cofactors involved in expression 
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regulation of the BMP-4 gene are present in bone 
cells, but not in other cell types 

Our data show that the recently discovered second 
ER, known as ERß (28), does not mediate antiestrogen 
effects in U-2 OS cells on its own . It was already 
known from studies by Ogawa e i al (45) that, in the 
presence of E2, ER/3 is also a weaker transactivator of 
EREs than ERa Interestingly, however, our data show 
that a combinat ion of both receptors can mediate 
antiestrogen effects in U-2 OS cells even when trans-
fected in amounts at which, individually, they are 
hardly active This supports the idea that the activity of 
ERß may depend particularly on its ability to form 
heterodimers with ERa In bone, ERß is mainly present 
in high amounts during later stages of osteoblast dif
ferentiation (46) while ERo levels increase during the 
onset of differentiation but remain constant during 
later phases of development This may provide a de
velopmental window during which antiestrogen effects 
on bone cells may be particularly pronounced 

In conclusion, the present study identifies the 
BMP-4 gene as an important target for the bone-
stimulating activity of antiestrogens Local up-regula-
t ion of BMP-4 activity may be of direct relevance for 
treatment of patients with bone diseases, and there
fore the present study may lead to further identif ication 
of therapeutic agents that can be used in control l ing 
fracture repair and osteoporosis 

MATERIALS AND METHODS 

Enzymes and Reagents 

Restriction enzymes were obtained from Life Technologies 
Ine (Gaithersburg MD) or New England Biolabs Ine (Bev
erly MA) and used under conditions specified by the manu
facturer The progesterone analog Org2058 the antiprogesta-
gen RU486 dexamethasone, the antiglucocorticoid Org34116 
E2 and the antiestrogenic compounds raloxifene, tamoxifen 
and ICI 164384 were all synthesized by Organon (Oss The 
Netherlands) 

BMP-4 Promoter Deletion Constructs 

BMP-4 promoter region constructs were generated by stan
dard cloning procedures (47) A 1 3-kb EcoRI/X/iol promoter 
1 fragment encompassing the BMP-4 upstream promoter 
region and part of exon 1. were obtained from a genomic 
cosmid and subcloned into pBluescriptllSK(-) (Stratagene, La 
Jolla CA), resulting in pBlue4 1EX (15) The P1-promoter 
constructs pSLA4(-1097/-242), pSLA4(-733/-242), and 
pSLA4(-253/-242) have been described previously (15) To 
create the exonuclease III (exolll)-mediated 3 -promoter de
letion constructs, the Erase-a-base kit was used (Promega 
Corp Madison. Wl) Construct pBlue4 1 EX was digested by 
a combination of Apa\ and Xhot followed by digestion with 
exolll, according to the manufacturer's protocol The linear
ized plasmids were recirculanzed and transformed into 
XL1 Blue (Stratagene) Plasmid DNA containing 3 -end BMP-4 
promoter deletion constructs was digested with Ncol (to cleave 
at the -253 position) and Kpnl to obtain different promoter 
fragments The fragments were blunted by T4-DNA polymer
ase, gel purified, and subcloned into pSLA4Smal The following 

BMP-4 P1-promoter constructs were thus obtained pSLA4-
(-253/-101), pSlA4(-253/-84), and pSLA4(-253/-30) 
Numbers are the nucleotide positions relative to the transenp-
tion start site (15) The P S L A 4 ( - 8 9 / T 1 0 1 ) construct was ob
tained by SamHI and Smal digestion of pSLA(-253/* 101) and 
subsequently blunted by treatment with Klenow polymerase, 
gel purified, and religated Nucleotide sequence of all obtained 
reporter constructs was verified by DNA sequencing Plasmids 
were purified using QIAGEN (Chatsworth, CA) tip-100 columns 
according to the manufacturer's instructions 

Steroid Responsive Element-Containing Reporter 
Constructs 

The ERE-contaming promoter construct was based on pBL-
CAT6 (48) It was modified into a luciferase (Luc) reporter 
construct by replacing the X/iol/Styl fragment from pBL-
CAT6 (containing the chloramphenicol acetyl transferase 
coding information) by the Xho\/Sty\ fragment of pXP2 [con
taining the luciferase coding information (49)] A minimal pro-
moter/TATA-element with the sequence 5 -GGGTATATA-
AT-3 was inserted between the Xbal and SamHI sites re
sulting in plasmid pTATA-Luc Four EREs with the core 
sequence 5 -AGGTCACAGTGACCT-3 were inserted into 
the H/ndlll site resulting in plasmid 4xERE-TATA-Luc The 
MMTV-Luc construct containing the MMTV (mouse mam
mary tumor virus) promoter in front of the luciferase reporter 
gene was used as a reporter for the GR- or PR-mediated 
effects The MMTV-Luc construct was obtained by removal 
of the neomycin gene cassette from pMAMneoLuc (CLON-
TECH Laboratories Ine Palo Alto CA) by Hindlll/eamHI 
digestion 

Steroid Receptor Expression Constructs 

The human ERo-contaming mammalian expression vector 
pKCRE-ERa was constructed in the following way The hu
man ERn cDNA was kindly provided by Dr G Greene Uni
versity of Chicago it encodes a glycine instead of a valine at 
ammo acid position 400 (50 51) The ERu cDNA was isolated 
as an Spftl/FcoRI fragment comprising nucleotide positions 
- 3 0 lo -1800 This fragment was blunted by T4 DNA poly
merase and inserted mio the blunted SamHI site of the mam
malian expression construct pKCRE (52) The latter plasmid 
was modified such that the last exon region of the rabbit 
(3-globin gene was removed by digestion with EcoRI/Sg/ll, 
followed by filling in, religation (nucleotide position 1122-
1196), and replacement of pBR322 for pBR327 sequences 
The human ERß-containmg mammalian expression construct 
(pKCRE-ERß) encodes a protein with 53 additional ammo 
acids at the ammo terminus in comparison with previous 
publications (28) This extension is identical to the sequence 
published by Ogawa e( al (45) The human PR-containing 
mammalian expression construct was obtained by cloning 
the full-length PR cDNA (kindly provided by Dr E Milgrow, 
Kremlm-Bicetre, Paris) into the SamHI site of pKCRE The 
human or GR-contammg mammalian expression construct 
was made by cloning the full-length GR cDNA, obtained by 
RT-PCR and checked for proper DNA sequence, into the 
BamHI site of pKCR 

Cell Culture and Transient Transfection Assay 

Cell lines used in this study were all of human origin and 
included the osteosarcoma cell line U-2 OS, the ER-positive 
breast cancer cell line MCF-7, and the endometrium cancer 
cell line ECC-1 (ATCC no HTB 96, ATCC, Manassas, VA) 
Cells were cultured in a 1 1 mixture of DMEM (Life Technol
ogies, Ine ) and Ham's F12 medium, supplemented with 10% 
(vol/vol) FBS (HyClone Laboratories, Ine , Logan, UT) in a 
7.5% C02-containing atmosphere at 37 C ER-mediated 
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modulation of reporter activity by different estrogen analogs 
was assayed by transient transfection of U-2 OS, MCF-7, or 
ECC-1 cells PR-mediated and GR-mediated modulation 
of reporter activity was assayed by transient transfection of 
these receptors into U-2 OS cells followed by addition of pro
gesterone or dexamethasone, respectively For transient 
transfection assays in U-2 OS, cells were seeded at a density 
of 1 0 x 105 cells per 10 cm2 well in phenol red-free medium 
containing 10% (vol/vol) charcoal-stripped FBS (csFBS) in
stead of regular FBS Twenty-four hours later, cells were 
transfected with DNA using the lipofection method as de
scribed by the supplier (Life Technologies, Ine ), in which 
pSVß plasmid (Promega Corp ) a ß-galactosidase expres
sion vector, was cotransfected as an internal control for 
transfection efficiency Briefly, the DNA (1 μg receptor con
struct, 1 i ig reporter construct, and 250 ng pSVß) in 250 μΙ 
Optimem (Life Technologies, Ine ) were mixed before trans
fection with an equal volume of Lipofectm Reagent (Life 
Technologies Ine ) and allowed to stand for 30 mm at room 
temperature In all experiments the total amounl of trans
fected DNA was kept constant by supplementation with 
pKCRE Subsequently, 580 μΙ of Optimem were added to the 
Iransfection mixture before addition to the cells After a 5-h 
incubation period at 37 C, cells were washed with phenol 
red-free medium and incubated overnight in phenol red-free 
medium supplemented with 10% csFBS medium, in the 
presence or absence of the test compounds at concentra
tions as indicated in the figure legends Transient transfec-
tions of MCF-7 cells and ECC-1 cells were carried out in an 
identical manner, in which only the ERa-expression construct 
was omilled 

ß-Galactosidase and Luciferase Assay 

All cells were harvested 16 h after hormone treatment Before 
the preparation of lysates, cells were washed with PBS Cell 
extracts were prepared by the addition of 200 μΙ of lysis 
buffer (0 1 M sodium phosphate buffer. pH 7 8, and 0 2% 
Triton X-100) to the cells, followed by a 5-min incubation at 
room temperature Luciferase measurements of cell extracts 
(30 μΙ) were performed as described by the supplier (Pro
mega Corp , Luciferase assay system E1501) The ß-galac-
tosidase activity of cell extracts (10 μΙ) was measured as 
described by the supplier (Tropix Ine , Bedford, MA. Galacto-
ight Plus kit) Luciferase and 0-galactosidase reactions 
were performed in a 96-well Optiplate (Packard Instruments), 
and light emission was measured in a Topcount (Packard 
Instruments) 

Electrophoretic Mobility Shift Assay (EMSA) 

Nuclear extracts were prepared by lysation of 1 0 x IO6 U-2 
OS cells as described by Schreiber et al (53) Plasmid 
pSLA4(-89/+101) was digested with Smal and Psfl to obtain 
the 190-bp promoter fragment (-89/+101} containing two 
potential Spi sites The fragment was separated from the 
parental vector by gel electrophoresis and subsequently pu
rified From the gel using the Oiaquick gel extraction kit (QIA-
GEN) The fragment was labeled by filling in the sticky ends 
with [a-32P]dCTP using Klenow polymerase at room temper
ature Unincorporated label was removed by chromatogra
phy through a G-50 column. From the end-labeled probe, 
5-10 fmol (15-30 χ 103 cpm) were incubated at room tem
perature for 15 mm with 5 μg nuclear extract in the presence 
of 20 mw HEPES, pH 7 9, 1 mM dithiothreitol, 100 mM NaCI, 
2 Mg poly(dl-dC)-poly(dl-dC). 4% (vol/vol) Ficoll, 0 1 % Non-
idet P-40, and 2 mM PMSF in a final volume of 20 μΙ Where 
indicated, unlabeled Sp1 competitor oligonucleotide (100-
fold excess) was added 5 mm before radiolabeled probe was 
added to compete lor specific DNA binding The double-

stranded consensus oligonucleotide for Sp1 (5 -ATTC-
GATCGGGGCGGGGCGAGC-3 ) was obtained from Pro
mega Corp For supershift analysis. 60 ng of mouse IgG 
monoclonal antibody against Sp1 (obtained from Santa Cruz 
Biotechnology Ine . Santa Cruz, CA) were added to the 20 μΙ 
reaction volume subsequent to the addition ol 32P-labeled 
oligonucleotide probe and incubated for 45 mm at room 
temperature Reaction mixtures were loaded onto a 4% 
acrylamide gel and electrophoresed for 3-4 h a t 1 2 0 V i n 0 5 x 
Tns-borate-EDTA buffer at 4 C Gels were dried and exposed 
to x-ray film 
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7. GENERAL DISCUSSION 

Research on BMP-4 over the last decade has shown that this protein plays a ciuciai 
role in various stages of development During early embryonic development BMP-4 
is essential for ventral mesoderm formation and is involved in pattern formation at 
the time of gastrulation. In addition, BMP-4 is generally considered as an important 
regulator of epithelial/ mesenchymal interactions, e.g. during limb and tooth 
development. At adult stages, BMP-4 is involved in maintenance ol bone, as 
indicated by the fact that BMP-4 can stimulate bone fracture repair and is able to 
induce the whole cascade of endochondral bone formation. Homology in signal 
transduction pathways and target genes downstream of BMP-4 suggests the 
existence of one general underlying regulatory mechanism that is responsible lor the 
different forms of tissue morphogenesis. Therefore, it is absolutely essential that the 
BMP-4 protein is present at the right site, in the right amount and at the right lime 
for correct development. To fulfill such demands it is of major importance that 
expression of its gene is tightly regulated. 

7.1 BMP-4 gene organization and transcription 

In this thesis the organization of the BMP-4 gene in man is described. The human 
BMP-4 gene consists of 5 exons spanning approximately 7 kb of DNA and is 
located at q22-23 of chromosome 14. Two promoters have been identified, one in 
front of exon 1 and the other in front of exon 2. Transcripts initiated from these two 
promoters consist of either exon 1 (promoter 1) or exon 2 (promoter 2), in both 
cases linked to a non-coding exon 3 and the two coding exons 4 and 5. Although 
several tissue specific transcripts have been identified, there is only one type of 
BMP-4 protein formed since the coding sequence is identical in all these transcripts. 
One way to specifically regulate expression of a protein that is identical in different 
tissues, is on the level of transcription which directly explains the existence of 
multiple promoters within the BMP-4 gene. The strong homology in BMP-4 gene 
structure and regulation in different species support the hypothesis that BMP-4 gene 
expression is mainly regulated at the transcriptional level. A scheme of the human 
BMP-4 gene in comparison with that of described homologues in other species such 
as Xenopus, mouse and Drosophila, is given in figure I. The global organization of 
the gene, including the presence of multiple promoters, is similar in these different 
species. Similar to what we found for the human BMP-4 gene, none ot the 
transcription initiation sites in these other species appear to contain a TATA-box 
The human BMP-4 gene has recently also been described by others who showed a 
similar exon/intron organization, but failed to identify promoter 2 (Shore et al.. 
1998). Highly conserved sequences in the BMP-4 genes are not only observed m the 
protein encoding regions, but also in the promoter sequences, which suggests that 
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transcriptional regulation is likely to be important. The strong homology of 
promoter regions in different species and the presence of conserved transcription 
factor binding sites may provide important information to identify regulatory 
elements that are important for BMP-4 transcription regulation in a cell type and 
development specific manner. Figure 2 shows the alignment of the mouse and 
human BMP-4 promoter sequences, which indicates that especially promoter 1 is 
highly conserved between mice and man. 
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Figure 1. Genomic structure of the BMP-4 gene in human, mouse, Xenopus and Drosophila. A) human 
BMP-4 gene (this thesis); B) mouse BMP-4 gene: two promoters upstream of exon lAandexon IB 
respectively, with alternative splicing in exon IB (Kuriharaet al.. 1993; Feng et al., 1995); C) Xenoupus 
BMP-4 gene: one large promoter region spanning 3.5 kb upstream of exon 1 (Kim et al.. 1998). D) 
Drosophila melanogaster Dpp gene: four promoters upstream of exon IB. exon "rare", exon 1D/1C and 
exon IA respectively. Exon IΒ is located approximately 24 kb upstream of the start-codon (St. Johnston et 
al., 1990; Newfeld et al.. 1997). Numbers indicate exon nomenclature of the BMP-4 gene described in the 
database or in the references, black box indicates coding sequences, open boxes indicate non-coding 
sequences. Dashed line indicates the position of the translation start site. 

The nature of the BMP-4 transcripts expressed depends on cell type and stage of 
development, resulting from the selective activity of the multiple promoters. In the 
human BMP-4 gene there are two promoters that are responsible for at least three 
different transcripts, as described in Chapter 3 and 4. Two of the human BMP-4 
mRNA variants are derived from promoter 1 due to alternative splicing, a 
phenomenon that has also been described for BMP-4 transcripts in other species 
(Chapter 4). In addition we also found a longer transcript in Tera2 RA cells and the 
osteosarcoma cell line Saos-2 by RT-PCR analysis, which was initiated from 
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promoter 2 (unpublished observations). This fourth lianscript is piobably due to 
differential splicing using a splice donoi site downsticam of cxon 2. icsultmg in an 
additional 200 bp cxon 2 sequence The existence of such a longei transcnpl is 
supported by a comparison of mouse and human exon 2 (mouseB m fig. 2B). which 
shows indeed the presence of a large exon This mouse exon 2 has been repoited to 
encode two alternatively spliced transcripts, as detected by RT-PCR analysis (Feng 
d a l , 1995). 

The data presented in this thesis show that activity of the identified BMP-4 
promoters is directly linked to the presence of BMP-4 transcripts Retinole acid 
(RA) is able to upregulalc BMP-4 transcription during diflcrcntiation of Tcra2 cells, 
as confirmed by RT-PCR analysis and transient translcction analysis (Chapter 4) 
The increase of BMP-4 transcription was a consequence of the dilïercnlialion ol the 
Tera2 cells, since no direct effect of RA on promoter activity was found. In contrast 
to this observation, however, differentiation of mouse embryonal F9 cells to 
primitive endoderm in the presence of RA has been shown to be accompanied by a 
down-regulation of BMP-4 transcription (Rogers et al , 1992). An explanation for 
these opposite results might come from the difference in cell types obtained after 
differentiation of these two different embryonal carcinoma cell lines Teia2 cells 
diffcrcnliale into Hat epithelial cells as well as neuronal-like cells, which aie known 
to express BMP-4 (Chapter 4), while F9-derivcd cndodermal cells lack BMP-4 
expression. We also showed that the high level of BMP-4 transcription observed in 
U-2 OS cells is mainly the result of increased promoter 1 activity. This indicates 
that the presence of BMP-4 transcripts is regulated by individual promoters m a cell 
type specific manner 

Although we showed that BMP-4 expression is mainly regulated at the 
level of transcription, we can not exclude events involved in posl-transcnptional 
regulation such as mRNA stability or translation efficiency. This might also explain 
the presence of multiple promoters within the BMP-4 gene, since each promoter 
could be responsible for a transcript with a specific stability or translation 
efficiency. Stability of the different human BMP-4 mRNAs has not been 
investigated, but reports about degradation of BMP-4 transcripts in other species 
predict a high turnover In mouse, BMP-4 transcript half-life is around seven 
minutes and also in Drosophila the dpp mRNA shows a high turnover (Rogers el 
a l , 1996; Ray et al., 1991). The presence of different 5'-UTR sequences in the 
various BMP-4 transcripts suggests indeed a role for translation control of BMP-4 
protein synthesis. So far, however, no connections in any species have been made 
between the presence of a BMP-4 protein on the one hand and mRNA stability or 5' 
-UTR sequence on the other. Interestingly, a short BMP-4 transcript identified in 
placenta contains a so far uncharacteri/ed 5'-UTR and misses the sequence 
encoding for the hydrophobic leader sequence (Oida et al., 1995) Similarity ol this 
BMP-4 form with Vg-1 (Xenopas) and umvin (SEA URCHIN) suggests a specific 
role for such a truncated protein in mesoderm development. The lack ol a 
hydrophobic leader sequence would impair extracellular secretion, which restricts 
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BMP-4 signaling to the immediate environment of the cell. This would suggest that 
some BMP-4 transcripts are needed for long range and others for short range 
signalling. 

7.2 Transcription factors regulating BMP-4 transcription 

As mentioned before, BMP-4 gene expression has to be regulated lightly in place 
and lime. This thesis describes several transcription factors believed lo play a role in 
the transcription regulation from the human BMP-4 promoter 1, including GATA, 
Msx, Spi and c-MYC, which have the following characteristics· 
GATA-J: As outlined in the introduction, BMP-4 signalling is essential for ventral 
mesoderm development, which is the site where blood cell formation originates. 
Transcription factors involved in blood specific BMP-4 expression are still 
unknown, but GATA factors may be good candidates. GATA-1 and GATA-2 
transcription factors have been found to mediate the positive cflcct of BMP-4 on 
erylhropoicsis (Zhang and Evans, 1996). During gastrulation slage GATA-1 and 
GATA-2 are venlrally expressed at the lime BMP-4 signalling is essential. In 
addition, BMP-4 mRNA injection into Xenopus eggs results in strong activation of 
GATA-1 and GATA-2 followed by globin expression (Macno et al., 1996) 
Although activation of GATA is thus a downstream event of BMP-4 action there is 
some evidence for an autoregulatory positive feedback loop (Maeno et al., 1996; 
Zhang and Evans, 1996), based on the observation that the Xenopus BMP-4 
promoter contains several consensus binding sites for GATA (Kim et al., 1998). A 
3.5 kb region upstream of the transcription initiation site also including part of the 
non-coding exon 1 in front of a luciferase reporter gene, did show stimulation upon 
injection of GATA-1, GATA-2 or Msx RNA in fertilized Xenopus eggs (Kim el al., 
1998). In Chapter 4 we suggest that differences in human BMP-4 promoter activity 
are accompanied by the presence of cell type-specific transcription factors such as 
GATA and Msx. We identified potential binding of GATA-1 in bandshift assays 
using nuclear extracts of osteoblast-like cells, which have originated from bone 
marrow. Although limited experiments have been carried out so far, it is worth to 
investigate the role of GATA transcription factors in regulating BMP-4 gene 
expression in more detail. 

Msx: In Chapter 4 we describe a highly conserved TAAT-box sequence present in 
the human BMP-4 promoter 1 which binds Msx-hkc proteins. Based on sequence 
and binding properties it became clear that this site is almost identical to the so-
called OC-box present in the osteocalcin promoter. This OC-box is generally 
considered as the principle regulatory element of the bone-specific osteocalcin gene, 
which exhibits tissue specific and developmentally restrictive expression (Hoffmann 
et al.. 1994). A similar functional regulatory element has been found in the 
promoters of the bone sialoprotein gene and the osteopontin gene, which arc both 
also highly expressed in cells of the skeletal lineage (Yang and Gerstenfeld. 1997 ) 
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Craniosynoslosis"', a common human birth defect characterized by premature 
fusion of the calvana bones, is associated with a dominant mutation m the Msx-2 
gene. A recent report describing the effects of ectopic Msx-2 expression, indicated 
that it directly activates BMP-4 gene expression (Ferrari el al. 1998) 
Overexpression of Msx-2 in transgenic mice causes cramosynostasis (Liu et al . 
1995). These transgenic mice also have heterotopic bone development above the 
midline of the sagittal suture caused by an apparent intra-membranous ossification 
mechanism. Surprisingly, there are patients with a deletion in chromosome 14q22-
23, the site where BMP-4 is localized, which have anopthalmia and pituitary 
hypoplasia but also suffer from craniosynoslosis (Lemyre et al., 1998). The 
identification of Msx proteins binding to BMP-4 promoter I may therefore be of 
importance in relation to the putative involvement of BMP-4 m craniosynotasis. The 
importance of Msx-binding elements in promoter regulation of the BMP-4 gene 
might also hold for the regulation of the BMP-2 gene, since both genes are highly 
homologous in structure and function (see Introduction). A positive regulatory 
clement in the mouse BMP-2 promoter (-2457/-1979) has been found to bind the 
homeolic genes Dlx-2 and or Dlx-5 in bandshift analyses (Ghoudhury. N. G.. 
personal communication). The binding site for Dlx-2 and Dlx-5 is highly related to 
the binding site for Msx-2 proteins, which results in mutual interference between 
binding of Msx and Dix (Zhang el al , 1997). Recombinant BMP-4 has shown to 
induce Dlx-2 and Dlx-5 gene expression during osteoblastic differentiation 
(Miyama et al., 1999). Interestingly, Msx-2 proteins arc expressed mainly in 
proliferating osteoblasts, while Dlx-5 proteins are found predominantly during the 
mineralization period of osteoblast differentiation (Ryoo et al. 1997) This is also in 
line with the expression pattern during tooth development, showing Msx-2 
expression just before terminal differentiation (reviewed by Thesleff el al . 1995). 
The different expression patterns of Msx and Dix proteins might correspond with 
the observed differences in expression between BMP-4 and BMP-2 during 
osteogenesis, but this needs further investigation 

Spi: In addition to the homeobox binding sites, also Spi binding sites are present 
in both the BMP-2 and BMP-4 promoter which supports a high level of homology 
in the regulation and function of these two BMP genes. The current concept is that 
the Spi binding sites present in the BMP-4 promoters are probably involved in 
regulation of basal promoter activity. The absence of a TATA-box and the relative 
high activity of a small core promoter with Spi binding activity (Chapter 6) 
supports this idea. A similar function has been assigned to the involvement of Spi 
in the regulation of the mouse and human BMP-2 gene. The human BMP-2 gene 
contains several Spi consensus-binding motifs in both promoter regions (Sugiura, 
1999). Our data show for the first lime that anti-estrogens can enhance activation of 
BMP-4 promoter I activity by Spi in bone cells in an estrogen receptor-dependent 
manner. Wc observed that only anti-estrogens arc able to activate BMP-4 
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Figure 2 Sequence alignment of mouse and human BMP-4 promoler 1 (A) and promoter 2 (B) Two 
mouse sequences are shown MouseA (Kunhara et al . 1991) and MouseB (Feng el al , 199S) Sequence 
of human BMP 4 promoter 1 (proml ) and promoter 2 (prom2) arc described in Van den Wijngaard et al 
(1996) Exons arc indicated by black boxes Only iranscnption factors binding lo human BMP-4 
promoter I and desenbed in this thesis are indicated (grey boxes) 
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transcription in the presence of the estrogen receptor (ER) Stimulation of 
transcription by anti-estrogens is a relatively new phenomenon and currently 
difficult to understand. The classical pathway of estrogen stimulation is defined as 
the activation of the ER, which binds to an estrogen responsive element (ERE) and 
thereby activates transcription (Klein-Hitpass et al., 1986). Action of anti-estrogens 
is normally explained by preventing estrogen binding to and activation of the 
receptor, which results in a transcriptional block (see schematic model in fig. 3a). 
Binding of estrogen or anti-estrogen to the ER results in a complete change in 
structure of the ligand binding domain. Changes in three-dimensional structure of 
the ER arc supposed to be the basis for the pharmacological differences between 
estrogens and anti-estrogens (Kat/cncllenbogen et al., 1996; McDonnel and Norns, 
1997; Brozozowski et al , 1997). X-ray crystallography showed that anti-estrogens 
contact a different set of amino acids m the ligand binding domain of the estrogen 
receptor than estrogens, m both cases leading to a conformational change 
(Brozozowski et al., 1997). Such a change in the ligand binding domain could result 
in a different availability of amino acids to bind to transcription co-lactors 

However, the classical pathway described above cannot explain how anti-
cslrogcns would activate transcription of promoters thai lack an ERE. A first model 
to explain the positive action of anti-estrogens involved binding of an anti-estrogen 
stimulated ER to a poly-punne rich sequence defined as raloxilene responsive 
element (RRE) (Chapter 6) This model, although later partially withdrawn by the 
authors, included an ER dependent mechanism that involved no direct receptor 
binding to the DNA (Yang el al., 1996). A second model to explain the positive 
action of anti-estrogens is the activation of transcription mediated through the ER 
via an Spi-binding site, as found for estrogen-activated ERs. Several studies 
showed that an estrogen-activated ER enhances binding of Spi, which is 
independent of the DNA-binding domain present in the receptor (Saville et al., 2000 
and references therein). Interestingly, the transactivalor domains of the ER, known 
as AF-1 and AF-2, are required for Spi binding, which suggests the formation of a 
large transcription complex (Saville et al., 2000). A first report about anti-estrogens 
stimulating transcription via Spi-binding sites, also mediated through the ER, was 
the activation of the retinole acid receptor a-1 (RARa-1) promoter (Zou et al., 
1999). This is similar to what we found for the anti-estrogen stimulation of the 
BMP-4 promoter, although the type of ER involved (ERa or ERß) is different (Van 
den Wijngaard et al., 2000) The anti-estrogen effect on the RARa-l promoter is 
only mediated through ERß and not ERa, while the opposite is true for the anti-
estrogen effect on the BMP-4 promoter. This indicates that stimulatory effects of 
anti-estrogens via Spi sites are also dependent on the type of ER present. Deletion 
analysis of the BMP-4 promoter showed that even a small fragment of 
approximately 200 bp, containing only a single Spi site and the transcription start 
site, could still be stimulated by anti-estrogens in the presence of the ERa alone or a 
combination of ERa and ERß together. ER-mediated activation of BMP-4 
transcription only occurs in the presence of anti-estrogens and not of estrogens, 
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which suggests that next to the type of ER also the hgand binding domain of the ER 
an important iole plays in the formation of an active Spi-ER complex A schematic 
model of how anti-estrogens stimulation could occui in the case of the BMP-4 
promoter is depicted as the Spi pathway in figuie 3b It has been demolistiated that 
although Spi is a ubiquitous transcription tactoi, Spi binding and tianscnptional 
activation can m fact be altered by interaction with co-factors (Philipscn and Suske. 
1999) The role of the ER and Spi in BMP-4 tianscription might theiclorc be to 
induce the formation of a more stable transcription initiation complex that would 
increase the level of transcription in a more general way For lulure icsearch. it 
would be interesting to test whether ER variants missing the DNA binding domain 
are still able to activate the small Spi containing BMP-4 promoter fragment in the 
presence of anti-estrogens 

c-MYC Besides transcription factors that are involved m up-regulation of BMP-4 
gene expression, there must also be factois involved m gene Based on mutational 
promoter analyses and preliminary bandshift analyses, we identified cMYC as a 
potential negative regulator ol BMP-4 promoter I activity (Chaplei 6) In the mouse 
BMP-4 promoter this MYC binding site had been assigned as an Ε-box with 
negative regulatory activity (Ebara et al , 1997) Such Ε-box binding sites have 
frequently been identified in the promoters ol osteoblast specilic genes like the 
osteocalcin gene and the IGFII receptor gene (Mohan, S personal communication) 
Interestingly, a -165/+106 minimal Msx-I promoter has been reported to contain a 
lunclional Ε-box and Spi site at a similar position as obseived foi the BMP-4 
promoter (Takahashi el al , 1997) Transgenic mice suggest thai this minimal Msx-1 
promoter is sufhcient for transcriptional activity in cramolacial tissues (Takahashi 
et al , 1997) The location ot the Ε-box and the Spi site in both promoters suggest a 
lunclional correlation between the two elements, which might also hold loi other 
eukaryolic promoters 

The identification of several transcription factors binding to the BMP-4 
promoter is a first step in resolving the molecular basis of BMP-4 gene legulalion 
As a next step the use of transgenic mice conlaming the whole human BMP-4 gene 
locus will be essential to confirm that these transcription factois, or other 
transcription factors yet to be identified, are indeed involved in human BMP-4 gene 
regulation The use of transgenic mice makes it possible to study regulatory 
elements of the promoter m different tissues at various stages ol mammalian 
development In addition, enhancers or repressors located at a distance upstream or 
downstream of the promoters can be identified by this approach Transgenic 
reporter studies with the BMP family member GDF-5 have indicated that this gene 
is indeed controlled by a large set of independent regulatory elements in a tissue 
specific manner, located several kb upstream and downstream ol ihe 
gene (Kingsley, D , unpublished) Analysis of Dpp, the BMP-4 gene in Drosophila, 
indicates that this gene is also regulated by elements located at different positions 
throughout the locus (Hoffmann and Goodman, 1987) Involvement of these 
regulatory elements depends on the moment and the site of Dpp gene expression 
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during development (St.Johnston et al.. 1990; Newleld et al., 1997). The 
involvement of regulatory elements located in the large intron ol' Dpp (which 
separates exon 2 and 3, see fig.I) suggests that the regulatory system of BMP-4 
genes in other species will be even more complex than previously imagined (Huang 
et al.. 1993; Huang et al., 1995). One can conclude that although several promoters, 
transcripts and splicing events involved in the human BMP-4 gene regulation have 
been identilied in the present study, this may only represent a small part of the 
molecular basis regulating BMP-4 gene expression. 

A Classical pathway 

ERE ERE 

Β Spi pathway 

Spi Spi 

Figure 3. Schematic model of ER-mediated transcription. A) Classical pathway. B) Spi pathway. ER = 
estrogen receptor; E2 = estrogen; AE = anti-estrogen and ERE = estrogen responsive element. 

7.3 BMP-4 gene and heritable bone disease 

The localization of BMP-4 to chromosome position l4q22-23 correlates with a 
chromosomal deletion present in a patient with holt oram syndrome (HOS), which 
suggested that BMP-4 could be involved in this heritable bone disease (Chapter 1). 
However, the identification of TBX5 on chromosome I2q as a candidate gene 
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responsible for HOS seemed lo rule out a direct involvement ol BMP-4 (Terrei el 
al. 1994; Li cl al.. 1997). TBX5 is a T-box containing transcription factor, which 
belongs to the Brae hum (Bra) gene family (reviewed by Smith. 1997). In Ihc 
TBX5 affected patients with HOS. a mulation in the T-box is present which 
prevents binding to the DNA (Li et al. 1997). Since TBX5 is only allecled in five 
ol ihe seven HOS families studied sofar, it is however predictable lhal other factors 
must be involved as well in this multifactorial/heterogenic disease (Li et al . 1997) 
Although BMP-4 has nol been identified by linkage analysis in the other two HOS 
families, it is still a potential candidate gene to keep in mind. Transcription of 
brach)un homologue in Xenopus (Xbra) is affected by ectopic BMP-4 expression 
(Jones el al., 1996) In mouse, BMP-4 miscxpression in the ventral side of the eye 
resulted in an expansion of TBX5 expression (Koshiba-Takeuchi el al.. 2000). This 
suggests that BMP-4 acts as an upstream regulator of the TBX5 signal transduction 
pathway and therefore might indirectly be involved in HOS. 

Another heritable bone disease in which the BMP-4 gene is thought to play 
a role is fxbrodysplaua ossificans progessiva (FOP), as also described in the 
Introduction. It has been hypolhcsi/ed that lymphocytes of FOP patients, present at 
an inflammatory site in mesenchymal tissue, cause a local increase in BMP-4 
concentration resulting in ectopic bone formation (Shalrit7 et al , 1996). However. 
BMP-4 elevation above normal levels in lymphocytes has not been lound in all FOP 
patients, suggesting lhal components in the BMP-4 signalling pathway may also be 
involved (Virdi el al., 1999). Recent genomewide linkage analysis, using four 
affected families, localized the putative FOP gene to chromosome region I4q27-31. 
just outside ihc region of the BMP-4 gene itself (Feldman el al . 2()()()). This region 
contains at least one gene, Smad-1, that is known to be involved in the downstream 
BMP-4 signalling pathway (see Introduction). Overexpression of mammalian 
Smad-I in Xenopus causes vcnlralization of the embryo similar to BMP-4 action 
(Wilson et al, 1997). The linkage of FOP with Smad-1 suggests that BMP-4 might 
be involved as an upstream regulator, which is similar to its potential role in HOS 
patients. In conclusion, it seems lhal the BMP-4 signal transduction pathway is 
involved in both HOS and FOP patients 

7.4 Therapeutic application of BMP-4 gene expression modulation 

The application of recombinanl BMPs in orthopedic reconstruction has been 
intensively studied during the past decade. The local action of BMPs in bone asks 
for a good delivery system that should release BMPs in a gradienl-lypc of manner al 
the specific site of action. Unfortunately the lack of one optimal delivery system for 
all clinical applications limits the use of BMPs so far (Solheim, 1998). To solve this 
problem it would be belter lo regulate BMP production in a tissue specific manner 
at the level of transcription. BMP-4 has great potential for stimulaling repair of 
damaged bone in vivo Induced upregulation of BMP-4 transcription has been 
shown to result in an increase of local bone formation, indicating a direct link 
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between BMP-4 transcription and bone repair (Fang el a!.. 1996). Currently research 
is focusscd on BMP producing bone-marrow cells, which allows the delivery of 
BMP to a spccilic site and would eliminate the use of a carrier (Lieberman et al.. 
1999) Although this might indeed be possible, it is still a rather time consuming 
and difficult approach to use as a standard procedure for clinical application. A 
belter way would be to use of BMPs directly in their most natural environment by 
locally activating their endogenous genes. As mentioned before, BMP-4 expression 
is mainly regulated at the promoter level, which makes the upregulation of the 
endogenous BMP-4 gene a good approach for therapeutical applications in bone A 
major challenge would be to stimulate BMP-4 gene expression in patients who 
suffer from reduced bone mass and increased fracture risk, such as patients with 
osteoporosis (Lcvcnson and Jordan, 1999) In an effort to activate the BMP-4 
promoter in a bone specillo manner we have tested agents known to influence bone 
formation in a positive manner including estrogens and anti-estrogens (Chapter 6). 
Anticstrogens were found to stimulate BMP-4 gene transcription in vitro, which was 
mediated through the ER via an Spl-binding site Recently, a polymorphism 
affecting an Spi binding site in the collagen type Ι α gene has lound, which could 
be correlated with osteoporosis. This polymorphism not only correlated with bone 
mass, but also with bone loss and the impact of an osteoporotic fracture (Langdahl 
el al., 1998; Grant et al.. 1996) Although BMP-4 is not yet known as a candidale 
gene involved in osteoporosis, the correlation between Spi and osteoporosis might 
be an additional argument to study in more detail the role of Spi in ER-mcdialed 
regulation of the BMP-4 promoter 

Our current observation that upregulation of BMP-4 promoter activity by 
anticstrogens is osteoblast specific and mediated via the ER can form the basis for 
setting up a method to screen therapeutic agents for the prevention and/or treatment 
of osteoporosis. In this assay a BMP-4 promoter is linked to a reporter gene and 
screened in Ihc presence of an ER for agents able to alter BMP-4 promoter activity 
in U-2 OS cells. The assay showed to be a powerful tool to discriminate between 
ER ligands already known to have low or high anti-ostcoporotic effects, such as 
tamoxifene and raloxifene (Chapter 6) Future experiments will have to elucidate 
whether the effects of anti-estrogens or novel identified agents on BMP-4 gene 
expression are also physiologically relevant. First steps to study a physiological role 
of identified agents in bone would be the use of primary osteoblasts or immorlali/ed 
osteoblast cell lines, which are still able to form bone matrix. Second, agents that 
arc found to stimulate BMP-4 expression in an m vitro situation have to be tested 
carefully for their tissue specificity in vivo. A good way to test tissue specificity of 
anti-estrogens would be the use of transgenic mice that contain the human BMP-4 
promoter linked to a reporter gene. The advantage of this approach would be that 
side effects on tissues other than bone are directly visible and can be followed in 
time. Misexpression of BMP-4 could lead to severe side effects, of which ectopic 
bone formation as observed in FOP patients is a terrifying example. This directly 
indicates that next to stimulation of bone formation in a clinical application, such as 
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during fracture repair or treatment of osteoporosis, analysis o! mechanisms thai lead 
to down-regulation of BMP-4 expression is equally important. Factors involved in 
BMP-4 down-regulation could be used to prevent cclopic bone formation. To 
identify such factors a similar assay as described above, but in another cellular 
context than bone, could be used. In conclusion, up and downregulation ol 
endogenous BMP-4 expression can have clinical applications, provided that we are 
able to regulate its action tightly 
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SUMMARY 

One of the most intriguing structures in the human body is the skeleton, which 
protects our organs and gives muscles their strength. The major component of the 
skeleton is bone, a very dense and specialized connective tissue. Bone contains 
growth factors that are able to induce the whole cascade of bone formation. 
Following a bone fracture these factors arc released and are able to initiate the entire 
process of so-called endochondral bone formation, similarly as occurs during 
embryogencsis. The growth factors with this unique property are known as bone 
morphogenetic proteins (BMPs). Chapter 1 is a general introduction on the role of 
BMPs and more specifically of BMP-4 during development. Next to their role in 
bone formation, the BMPs have been implicated in the pattern formation and 
morphogenesis of almost all major organs. Interestingly, a well-characterized 
Drosophila protein called Dccapentaplegic protein (Dpp) shows high homology 
with mammalian BMP-4. In line with the strong conservation of BMP-4 during 
animal evolution, its biological activity is exchangeable between species from fly to 
mammals. Indeed, studies on BMP-4 indicated that regulation and function of this 
polypeptide growth factor is more or less the same in a variety of species. 

BMP-4 plays an important role in the onset of endochondral bone formation in 
men and a reduction in BMP-4 expression has been associated with a variety of 
bone diseases. The involvement of BMP-4 in heritable bone diseases and its 
potential to stimulate bone fracture healing raised the question whether BMP-4 
could be used for therapeutical applications in men. Next lo ils ability to induce 
bone formation, BMP-4 appears to be a key mediator in early mesoderm 
development and mesenchymal-epithelial interactions during later stages of 
development. Inactivation of the BMP-4 gene in mice disrupts mesoderm 
development, indicating that BMP-4 is involved in the earliest cell fate decisions in 
the vertebrate embryo. Most BMP-4 knockout mice die during gastrulation between 
day 6.5 and day 9.5 p.c. at the lime the patterning of the embryo lakes place. It is 
therefore of crucial importance that expression of BMP-4 occurs at the right time, 
place and concentration for proper mammalian development. This largely depends 
on proper transcriptional control of the encoding gene. This thesis describes the 
genomic organization of the human BMP-4 gene in parallel with the factors and 
elements involved in its transcriptional regulation. 

In chapter 2 the genomic localization of the human BMP-4 gene is described. 
The gene was located on the long arm (q22-q23) of chromosome 14 as determined 
by in situ hybridization This fine mapping identified a heritable bone disease, 
known as Holl-Oram syndrome (HOS), associated with this region. This syndrome 
is a multi-gene heritable disease influencing both skeletal and cardiac development. 

In chapter 3 the structure of the human bone morphogenetic protein-4 (BMP-4) 
gene has been characterized Irom a genomic cosmid clone of approximately 38 kb. 
The transcriptional unit of the human BMP-4 gene is encoded by 5 exons and spans 
approximately 7 kb Although the BMP-4 genomic DNA sequences are different 
between species, the overall cxon/intron-orgamzalion appears to be very similar. In 
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particular, the exon/mtron organization ol'lhc human BMP-4 gene is highly similar 
to that of the mouse gene, with notable sequence differences only in the 5' non-
coding exons. The total coding sequence of BMP-4 is 1625 bp resulting in a 
precursor protein of approximately 60 kDa. Mulitple transcripts of the human BMP-
4 gene were identified that are identical in their coding region but differ in their 5'-
non-coding region 

The genomic structure and the presence of multiple transcripts that seem to be 
expressed in a cell type specific manner, led to the identification ol two distinct 
promoters (Chapter 4). Comparison with the mouse promoters reveals that BMP-4 
transcription initiation is not specified by the presence of TATA sequences, 
similarly as observed for the Dpp promoters in Droiophila. Both human BMP-4 
promoters were cloned and tested for transcriptional activity m various cell lines 
The presence and alternate use of each promoter may give an explanation for the 
observed cell type-specific expression of the different BMP-4 transcripts. 

Chapter 5 provides a more detailed analysis of the basal promoter entity, 
showing the involvement of Spi elements in promoter activation. Gel mobility 
assays show that a negative regulator protein (cMYC) as well as a general 
transcription factor (Spi) binds to promoter 1. 

Transient transfeclion assays in bone cells show that anti-estrogens, but not 
estrogens or other steroid hormones, can specifically stimulate the human BMP-4 
promoter I (Chapter 6). This activity is dependent on the presence of the estrogen 
receptor (ER)-a, although promoter 1 lacks a consensus estrogen responsive 
element. No activity was observed in the presence of ERß, but synergy was 
observed when both estrogen receptor subtypes were cotransfected. Since anti-
estrogens are known to be effective in hormone replacement therapies for post
menopausal women, this observation may help to develop new strategies for 
treatment and prevention of osteoporosis. Today, estrogen replacement therapy 
(ERT) has been shown to be successful as a treatment for osteoporosis in 
postmenopausal women by stopping the process of bone loss In clinical trials the 
anti-estrogen raloxifene has been shown to inhibit bone turnover and lo prcvcnl 
further bone loss without causing negative side effects as observed upon estrogen 
treatment. A link between the estrogen receptor and Ihc transcription activation of 
BMP-4 might therefore provide a novel explanation for the beneficial effects of 
such anti-estrogen trcalment 

The characterization of the human BMP-4 gene and its promoters is of 
fundamental relevance for the understanding of the specific role of BMP-4 in 
skeletal development and bone remodeling. In conclusion this thesis provides the 
first evidence for the molecular basis of BMP-4 gene regulation in men. 
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SAMENVATTING 

Een van de meest belangrijke onderdelen m ons liehaam is hel skelet. Du zorgt voor 
de aanheehling van spieren, beschermt de organen en zorgt dat we eruit zien als een 
mens en met als een vormlo/e massa. Hel is dan ook van cruciaal belang dal de 
vorming en het in stand houden van het skelet goed verloopt. De belangrijkste 
subslanlie van het skelet is bol. Hierin bevinden zich de groeifactoren die in staat 
zijn hel hele proces van bolvorming te induceren Bij een bolbreuk komen deze 
factoren vrij en starten dan opnieuw het hele proces van bolvorming zoals dat 
tijdens de embryogenèse plaatsvindt De groeifactoren in bot met deze eigenschap 
zijn de bone morphogcnclic proteins (BMP's). Van een van deze groeifactoren, 
BMP-4, is in de fruitvlieg een homoloog (Dpp) aanwezig dat betrokken is bij de 
patroonvorming tijdens embryogenese, poolonwikkeling en vleugelvorming. In 
zoogdieren is BMP-4 essentieel voor mcsoderm-ontwikkeling en patroonvorming 
tijdens de embryogenese. De functionele eigenschappen van BMP-4 en Dpp zijn 
onderling uitwisselbaar, wat erop duidt dat dit eiwit zijn functie gedurende meer dan 
500 miljoen jaar van evolutie heeft behouden Hoofdstuk 1 geeft een algemene 
introductie over BMP's en in het bijzonder BMP-4. 

Een belangrijke functie van BMP-4 tijdens een bolbreuk is het aanzetten 
van mesenchyme cellen lot differentiatie naar botcellcn. Eenzelfde proces treedt 
bijvoorbeeld ook op lijdens de vroege embryogenese bij de ontwikkeling van 
ledematen, waarbij de interactie tussen epithecl en mesenchyme weefsel essentieel 
is. Hierbij geeft BMP-4, gemaakt in het epilheel, een signaal aan onderliggende 
mesenchyme cellen, die vervolgens weer andere signaalmoleculen produceren. 
Eenzelfde onderliggend proces ircedl op tijdens de tandonlwikkcling waarbij 
vergelijkbare signaalmoleculen worden aangezet door BMP-4 als tijdens de 
botvorming. Ook bij de vorming van organen waarbij cpilheel-mescnchyme 
interacties een rol spelen, zoals tijdens de vorming van het hart, ogen en longen, 
heeft BMP-4 een dergelijke functie. Hel proces dal door BMP-4 wordt aangezet, 
wordt voornamelijk bepaald door het tijdstip, de plaats en hoeveelheid van BMP-4 
expressie. Wanneer dit niet goed gebeurt, kunnen er belangrijke defecten optreden, 
zoals de vorming van ectopisch bot in Fibrodysplasia Ossificans Progressiva (FOP) 
patiënten. Bij dergelijke FOP patiënten treedt botvorming op in spieren op de plaats 
van een verwonding. 

Om een goed gecontroleerde productie van een eiwit ie kunnen krijgen, is 
het van belang dal hel hiervoor coderende gen op de juiste manier in expressie 
wordt gereguleerd. Hel BMP-4 gen bevindt zich op de lange arm van hel humane 
chromosoom 14 (Hoofstuk 2). Een cosmide kloon met daarop het gehele BMP-4 
gen is gebruikt om mei behulp van in situ hybndizatie de precieze positie te 
bepalen. De gevonden locatie l4q22-23 komt overeen met een erfelijke ziekte, 
genaamd Holt Oram Syndrome (HOS). HOS is een ziekle waarbij patiënten 
afwijkingen aan het hart en hel skelel hebben. Later onderzoek heeft echter 
uitgewezen dat meerdere factoren dan alleen BMP-4 een rol spelen bij het ontstaan 
van deze ziekte. Een cosmide kloon met daarin 38 kb genomisch DNA is gebruikt 
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om de opbouw van het humane BMP-4 gen te karakteriseren (hoofdstuk 3). De 
transcriptionele eenheid van hel BMP-4 gen is ongeveer 7 kb groot en bevat 5 
exonen. De gevonden exon/intron structuur van het humane BMP-4 gen is 
vergelijkbaar met dat van het mui/engen Het gen codeert voor diverse transcripten 
die alleen in sequentie van elkaar verschillen aan het 5' uiteinde. De sequentie 
vcranlwoordeli|k voor hel eiwit is in alle transcripten identiek, waardoor slechts één 
type BMP-4 aanwezig is in de mens. Onderzoek heeft aangetoond dal de 
verschillende BMP-4 transcripten een cel-specifieke distributie vertonen 

Hel humane BMP-4 gen bevat tenminste twee promoters, die 
verantwoordelijk zijn voor de gevonden cel-specifieke transcripten (hoofdstuk 4). 
De eerste promoter bevindt zich onmiddellijk stroomopwaarts van exon 1 en de 
tweede promoter direct voor exon 2. Promoter-studies laten een cel-specifieke en 
cel-differentiatie afhankelijke activiteit van beide promoters zien. Vooral piomotei 
1 is verantwoordelijk voor gevonden verschillen in hoeveelheid aanwezige 
transcripten. Studies met in promoter I aanwezige sequenties tonen binding aan van 
cel-specifieke transcriptie-factoren. 

Een nadere analyse van promoter I laat zien dat een klein gedeelte van de 
promoter verantwoordelijk is voor ongeveer 25 Cf- van de totale promoter-activiteit 
(hoofdstuk 5). Bindingstudies tonen aan dal zowel een negatief regulator-eiwit als 
cMYC als de algemene transcriptie-factor Spi aan de/e regio van promoter 1 kan 
binden. De afwezigheid van een TATA box suggereert een belangrijke rol voor Spi 
in de basale promoter- activiteit van BMP-4. 

Hoofdstuk 6 laat zien door middel van transiente transfcclie-sludies in 
botcellen dal de humane BMP-4 promoier I specifiek gestimuleerd kan worden 
door anti-eslrogencn, maar niet door estrogenen of andere steroid-hormonen. Deze 
activiteit is afhankelijk van de aanwezigheid van de estrogeen receptor (ER)-a, 
hoewel de promoier geen consensus estrogeen-respons-element beval. Geen 
activiteit werd gevonden in de aanwezigheid van ERß, maar wanneer beide 
cstrogcen-receptoren samen werden getransfecteerd, was er sprake van een 
synergistisch effect. Van anli-cstrogcncn is bekend dat zij effectief zi|n in de 
behandeling van osteoporose. De gevonden stimulatie van de BMP-4 promoter 
biedt daarom een interessante ingang voor de ontwikkeling van nieuwe strategieën 
voor de behandeling en het voorkomen van osteoporose Tot slot worden in 
hoofdstuk 7 de resultaten die beschreven staan in dit proefschrift, geëvalueerd en 
nader bediscussieerd. 

Concluderend geeft dit proefschrift een overzicht van wat tol nu toe bekend 
is over de diverse functies van BMP-4 tijdens de vroege ontwikkeling van de mens 
en in het volwassen lichaam. Verder wordt in dit proefschrift de genomischc 
strucluur van het BMP-4 gen en de diverse, daarvan afkomstige transcripten 
uitvoerig beschreven. De analyse van de twee aanwezige promoters en in hel 
bijzonder van promoter 1 is een belangrijke stap voor de verdere opheldering van 
BMP-4 genregulatie tijdens skelet-ontwikkeling en botvorming. 
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bedankt dat je me wilde hebben in je globine groep, ik leer ontzettend veel van je, 
behalve met voetballen Tol, je bent nog steeds een koning, ook al zit je m 
Calilornic Jeroen, bedankt voor je lay-oul adviezen Kim, voor het regelen van een 
bol-breuk Kortom, ook degenen die ik vergelen ben, bedankt voor jullie bijdrage 
aan dit proefschrift 

Papa, hel boekje is af Jij en mama hebben altijd geweten dat ik hel kon Mama, 
daarom dit boek voor jou en in herinnering aan papa 
Conny, JIJ ook natuurlijk bedankt, onmogelijk datje er niet bij zou staan 
Mariska, van iedereen bedank ik jou het meeste Het is echt waar dal zonder jouw 
onafgebroken steun dit boekje er met was geweest Dikke zoen 

Arthur 
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Stellingen behorende by het proefschrift: 

"The BMP-4 gene in control of bone morphogenesis" 

1 Het effect van BMP-4 m vivo wordt bepaald door drie parameters: 
de tijd, de plaats en de mate van expressie, 
(dit proefschrift) 

2. De inversie van de dorsaal-ventrale lichaamsas tijdens de evolutie 
van invertebraten naar vertebraten heeft alleen plaatsgevonden op 
basis van de nomenclatuur. 
(De Robertis and Sasai, 1996 Nature 380: 37-40) 

3. Nul-mutaties in het Myostatin gen zorgen voor grotere vlees-
producties in de rundvlees-industrie. 
(Grobet et al, 1997 Nat. Genet. 17: 71-74) 

4. Erythroid Krüpple-Like Factor (EKLF) is essentieel voor ß-globine 
expressie in het volwassen organisme. 
(Wijgerdeeifl/., 1996 Genes Dev. 10: 2894-2902) 

5. Een moleculair bioloog ziet vaak dingen die er niet zijn. 

6. Een FOP-patiënt bestaat echt. 

7. Sigaren zijn minder schadelijk voor de gezondheid dan sigaretten, 
mits op de juiste wijze geconsumeerd. 

8. In sommige proefschriften kan het dankwoord beter worden 
vervangen door een verwijzing naar een telefoonboek. 

9. Een echt probleem heeft geen oplossing. 
(M. Weeda) 

10. De emotie van een klank wordt bepaald door de stilte eromheen. 




