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Abstract

Bone morphogenetic protein (BMP) 2 belongs to the transforming growth factor β

(TGFβ) superfamily of cytokines and growth factors. While it plays important roles in

embryo morphogenesis and organogenesis, BMP2 is also critical to bone and cartilage

formation. Protein structure and function have been remarkably conserved throughout

evolution and BMP2 transcription has been proposed to be tightly regulated, although

few data is available. In this work we report the cloning and functional analysis of

gilthead seabream BMP2 promoter. As in other vertebrates, seabream BMP2 gene has a

5' non-coding exon, a feature already present in DPP gene, the fruit fly ortholog of

vertebrate BMP2 gene, and maintained throughout evolution. In silico analysis of

seabream BMP2 promoter revealed several binding sites for bone and cartilage related

transcription factors (TFs) and their functionality was evaluated using promoter-

luciferase constructions and TF-expressing vectors. Runt-related transcription factor 3

(RUNX3) was shown to negatively regulate BMP2 transcription and combination with

the core binding factor β (CBFβ) further reduced transcriptional activity of the

promoter. Although to a lesser extent, myocyte enhancer factor 2C (MEF2C) had also a

negative effect on the regulation of BMP2 gene transcription, when associated with

SRY (sex determining region Y)-box 9 (SOX9b). Finally, v-ets avian erythroblastosis

virus E26 oncogene homolog 1 (ETS1) was able to slightly enhance BMP2

transcription. Data reported here provides new insights toward the better understanding

of the transcriptional regulation of BMP2 gene in a bone and cartilage context.
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1. Introduction
Bone morphogenetic proteins (BMPs) are multifunctional growth factors that belong to

the TGFβ superfamily and form a subfamily with more than 20 members (Bragdon et

al., 2011). BMP2 was first identified in bone and later associated with the control of

osteogenesis and chondrogenesis through BMP signaling pathway (reviewed by

Carreira et al., 2014; Rosen, 2009). Beside its critical role during skeletogenesis, BMP2

is also involved in many other physiological processes, such as embryonic patterning

and organogenesis (reviewed in Asahina, 2014; Hogan, 1996). BMP2 gene is flanked by

regions classified as gene deserts (long regions without nearby genes) that may contain

important regulatory elements, and the presence of long-range elements controlling

BMP2 transcription was reported in mammals (Chandler et al., 2007; Dathe et al.,

2009). The remarkable conservation of protein structure and function (Carreira et al.,

2014) conjugated with its crucial role during development, maintained throughout

vertebrate evolution, suggest that BMP2 transcription may be tightly controlled

(Sugiura, 1999). The conservation of BMP2 gene, in particular its promoter region, has

been reported in mammals (i.e. mouse and human; Abrams et al., 2004; Sugiura, 1999)

and binding sites for several bone- and cartilage-related transcription factors (TFs), such

as RUNX and SOX9, were predicted. Although the activation of human BMP2

promoter by RUNX2 has not been proved (Helvering et al., 2000), RUNX2 was shown

to effectively increase BMP2 gene transcription while BMP2 was also able to regulate

RUNX2 transcription in a feedback regulatory mechanism (Choi et al., 2005).

Surprisingly, not much more is known about transcriptional regulation of BMP2 by

bone- and cartilage-related TFs and thus much remains to be done regarding this

question.

By sharing with mammals a number of important characteristics (e.g. gene functions,

organ systems and physiological/biochemical mechanisms) fish have been recognized

as a suitable alternative to the mammalian systems, in particular for genetic studies

(Laizé et al., 2014). During the last years several biochemical, molecular and cellular

tools have been developed from the gilthead seabream (Fonseca et al., 2011; Marques et

al., 2007; Pombinho et al., 2004; Tiago et al., 2014). This together with the increasing

availability of gene and transcripts in public sequence databases validated the gilthead

seabream as a suitable model to better understand mechanisms of gene regulation, and

this was further confirmed by several genetic and functional studies (Conceição et al.,
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2008; Ferraresso et al., 2008; González-Mariscal et al., 2014; Rafael et al., 2006; Rosa

et al., 2014).

The aim of this work is to evaluate the activity of gilthead seabream bmp2 promoter and

get insights into its transcriptional regulation by bone- and cartilage-related

transcription factors. The presence of cis-regulatory elements will be predicted in silico

and their functionality will be accessed through luciferase reporter assays.

Materials and methods
Amplification of genomic DNA

5’ flanking region and intron I of gilthead seabream bmp2 were amplified by PCR from

a ScaI GenomeWalker library (Clontech) using Advantage Polymerase Mix (Clontech),

0.2 µM of Adaptor Primer 1 (AP1; initial PCR) or AP2 (nested PCR) and gene-specific

primers SauBMP2_1Rv or SauBMP2_2Rv (initial PCR), and SauBMP2_3Rv or

SauBMP2_4Rv (nested PCR), respectively. Nested PCR was performed using a 1:50

dilution of the initial PCR. DNA fragments were separated on agarose gel, purified

using GeneJET Gel Extraction kit (Thermo Scientific), cloned into TOPO vector (Life

Technologies) and sequenced on both strands. Gene-specific primers were designed

according to the sequence available in GenBank (accession no. AY679787) and are

listed in Table 1.

Preparation of promoter-luciferase and deletion constructs

Constructs containing 5’ flanking region and intron I (construct C1, -1531/+53) or only

intron I (construct C2, +301/+1282) of gilthead seabream bmp2 were amplified using

reverse primer SauBMP2_HindIII_5Rv in combination with forward primers

SauBMP2_XhoI_1Fw and SauBMP2_KpnI_2Fw, respectively. Deletion constructs of 5’

flanking region were amplified using reverse primer SauBMP2_HindIII_6Rv in

combination with forward primers SauBMP2_XhoI_1Fw (construct C3, -1531/+53),

SauBMP2_XhoI_3Fw (construct C4, -842/+53), SauBMP2_XhoI_4Fw (construct C5, -

656/+53), SauBMP2_XhoI_5Fw (construct C6, -367/+53), SauBMP2_XhoI_6Fw

(construct C7, -294/+53) and SauBMP2_XhoI_7Fw (construct C8, -59/+53). DNA

fragments were digested with HindIII and XhoI or KpnI endonucleases and directionally

cloned into pGL3 vector (Promega) upstream the firefly luciferase gene. All construct
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were sequenced on both strands to confirm direction and absence of mutations. Primers

used for PCR amplification of these constructs are listed in Table 1.

In silico sequence analysis

Presence of cis-regulatory elements, i.e. transcription factor binding sites, in the 5’

flanking region and intron I of gilthead seabream bmp2, were predicted using

MatInspector (V7.1; Cartharius et al., 2005) at www.genomatix.de and PATCH

(Vpublic 1.0; Chekmenev et al., 2005) at www.gene-regulation.com. Sites with scores

below 0.75 (MatInspector) and 0.85 (PATCH) were not considered. Repetitive

sequences were identified using RepeatMasker software (Vopen-4.0.5) at

www.repeatmasker.org.

Cell culture and transient transfection assays

Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s Modified Eagle

Medium (DMEM; Life Technologies) supplemented with 10% fetal bovine serum

(FBS; Sigma-Aldrich), 1% of penicillin-streptomycin (Life Technologies) and 1% of L-

glutamine (Life Technologies), and maintained at 37ºC in a 5% CO2 humidified

atmosphere. Sub-confluent cultures were trypsinized every three days and cells seeded

in a 10-cm plate at a density of 8.7×105 cells/plate. The day before the transfection,

cells were seeded in a 24-well plate at a density of 5×104 cells/well, then further

cultured for 16 h. Cultures at 50-60% confluence were transfected with 250 ng of each

of the DNA constructs using 1 μl of X-tremeGENE HP DNA transfection reagent

(Roche). When appropriate, expression vectors (50 ng; pCMX backbone) containing the

coding sequence of zebrafish ets1a (KF774190), cbfβ (KF709197), runx3 (MASN

isoform; AB043789), mef2ca (BC059188), mef2cb (EU825718) and sox9b

(NM_131644), under the control of CMV promoter, were co-transfected with selected

constructs of bmp2 promoter. pRL-null vector (Promega), which express Renilla

luciferase (Rluc) but lacks promoter and enhancer elements, was used in all the

transfections (25 ng) to normalize the firefly luciferase (Fluc) activity. After 48 h, cells

were lysed and luciferase activity was measured using Dual-Luciferase Reporter Assay

system (Promega) in a BioTek Synergy 4 plate reader. Luciferase activity was

determined from the ratio Fluc/Rluc.

Results and Discussion
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BMP2 gene structure has been conserved throughout evolution

Sequences of BMP2 gene were collected from several vertebrate species (2 genes in

zebrafish) using on-site Blast facilities of Ensembl database and their structure was

compared with that of the gilthead seabream gene, recently cloned in our lab (GenBank

accession no. AY679787) and with fruit fly dpp gene, the ancestor of vertebrate BMP2

genes (Kingsley, 1994; Fig. 1). In zebrafish (and probably in most Ostariophysi), two

genes – bmp2a and bmp2b – were identified, while only one gene has been reported in

the genome of other vertebrates, and bmp2b would represent the orthologous gene

(Marques et al., 2015). BMP2 gene structure has been remarkably conserved throughout

evolution and orthologs in vertebrates and fruit fly share the same simple structure:

three exons – including a 5´non-coding exon – and two introns inserted within the same

phase in all species evaluated. Transcription start site (TSS) was determined in gilthead

seabream bmp2 from the longest RACE-PCR fragment and in other species, if not

already available, from the longest cDNA or EST sequence available in public

databases. Although its size is variable (from 246 to 1212 nucleotides), BMP2 5’ non-

coding exon has been conserved throughout evolution and may work as an additional

mechanism of regulation (Barrett et al., 2013). The presence of 5’ non-coding exons has

been observed in genes which transcription is under the control of alternative promoters

(Banday et al., 2012; Conceição et al., 2008). In mammals, while some studies report

the existence of at least two major TSSs driven by two alternative promoters (Feng et

al., 1997; Ghosh-Choudhury et al., 2001; Sugiura, 1999), others defend the occurrence

of a single TSS regulated by a single promoter located in the 5’ flanking region of the

gene (Heller et al., 1999; Helvering et al., 2000). GenBank and Ensembl public

databases were thoroughly searched for vertebrate BMP2 transcripts and among the

several hundreds of hits collected none indicated transcript variants with alternative

5’UTR and therefore no evidence of BMP2 gene transcription being under the control

of alternative promoters was found (results not shown). Thus, both the 5’ flanking

region and intron I were analyzed in silico for the presence of regulatory elements and

further tested, independently or in combination, for their capacity of regulating

luciferase gene transcription.

In silico analysis and basal activity of gilthead seabream bmp2 promoter and intron I

RepeatMasker software revealed the presence of several repetitive sequences, namely

T-rich regions, tri and tetra nucleotide repeats, in both 5´flanking region and intron I of
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gilthead seabream bmp2 (Fig. 2). Repetitive sequences, also known as DNA satellites,

are commonly found in vertebrate genomes (Tomilin, 2008). When discovered,

repetitive sequences were described as “junk” or “parasitic” DNA (Doolittle and

Sapienza, 1980; Orgel and Crick, 1980), but nowadays they are widely recognized as

essential for genome function (Shapiro and von Sternberg, 2005). Tandem repeats can

vary both in number and in length of the repeat unit (Gemayel et al., 2010) and certain

types of repeats have been associated with protein binding sites, interaction with

transcription factors or disease development (Baldi and Baisnee, 2000). T-rich regions

have been described as transcriptional activators of both prokaryotic and eukaryotic

promoters (Haque et al., 2004; Kube et al., 1999; Nishi and Itoh, 1986; Sohaskey et al.,

1999) while some classes of triplet DNA repeats were associated with the development

of neurodegenerative disorders, such as Huntington’s disease and fragile X syndrome

(Walker, 2007). Tetranucleotide repeats are among the most common repeats found in

the genome of vertebrate species, and elevated microsatellite alterations at selected

tetranucleotide repeats were observed in several types of cancer (Bacolla et al., 2008;

Katti et al., 2001). PATCH software was unable to identify TATA or CAAT consensus

sequences upstream the TSS of gilthead seabream bmp2. TATA-less promoters, also

known as dispersed promoters, are very common in vertebrate genes (Barrett et al.,

2013; Gagniuc and Ionescu-Tirgoviste, 2012) and several BMP genes have been

reported to have TATA-less promoters (Hino et al., 1996; Kawai and Sugiura, 2001;

Shore et al., 1998; Simon et al., 2002; Tamada et al., 1998), including human and

mouse BMP2 genes (Ghosh-Choudhury et al., 2001; Sugiura, 1999). A survey of other

BMP2 genes (i.e. zebra finch, spotted gar, zebrafish and fruit fly; Fig. 1) failed to

identify TATA boxes upstream TSS, suggesting that the presence of TATA-less

promoters in BMP2 genes is a common feature. To further evidence the TATA-less

nature of gilthead seabream bmp2 promoter, various SP1 binding sites, GC-rich regions

normally present in dispersed promoters (Pugh and Tjian, 1991; Smale and Kadonaga,

2003), were predicted using PATCH software in the 5’ flanking region and intron I

(Fig. 2).

In order to evaluate the functionality of these regions in regulating bmp2 transcription,

5’ flanking region and intron I or only intron I (C1 and C2, respectively; Fig.2) were

cloned into pGL3 vector, upstream from the firefly luciferase gene. With the purpose of

identifying regulatory regions in the 5’ flanking region, several deletion constructs (C3

to C8; Fig.2) were individually transfected into HEK-293 cells (selected for their
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remarkable transfectability, at rates hundred times superior to those in bone cells, in

particular of fish origin) and their activity determined from firefly luciferase activity

measurements normalized with the activity of the promoter less pGL3 basic vector.

While 5’ flanking region (C3) increased 15 times the luciferase activity in HEK-293

cells, intron I (C2) failed to trigger any transcriptional activity, indicating that (1) intron

I does not have any transcriptional activity, (2) does not function as a stand-alone and

alternative promoter but as an enhancer/silencer of the main promoter (i.e. the 5’

flanking region), or (3) HEK-293 cells are not suitable to study its transcriptional

activity (e.g. they do not express the necessary factors). Although this should be further

confirmed, the 3-fold decrease in luciferase activity observed when 5’flanking region

and intron I were combined (C1) suggest that intron I may serve as a silencer of bmp2

transcription and in fact, several TF-binding sites were predicted in this region (results

not shown).

Transfections of deletion constructs related to the 5’ flanking region (C4-C8) resulted in

a gradual decrease of luciferase activity that may be linked to the presence of binding

sites for positive regulators in the deleted promoter regions. At least two enhancers may

be present in bmp2 promoter, as suggested by the two drops in luciferase activity

observed from C4 to C5 and from C6 to C7. Although additional studies are required to

confirm the presence of enhancers in these regions (e.g. site-directed mutagenesis), we

propose that the T-rich sequence identified through in silico analysis (present in C6 but

absent in C7) may be responsible for the halving of the luciferase activity observed in

C7.

Runx3 and Cbf interact to regulate seabream bmp2 promoter

The 5´flanking region of gilthead seabream bmp2 was analyzed using MatInspector and

PATCH online tools, to identify cis-regulatory elements that may be involved in its

regulation. Several putative binding sites for Runt-related transcription factors (Runx)

were identified (Fig. 3A), similarly to what has been described in human BMP2 and

BMP4 gene promoters (Helvering et al., 2000). While the role of RUNX2 in the

regulation of BMP2 gene transcription has already been demonstrated in mouse and

human (Choi et al., 2005; Javed et al., 2008; Yang et al., 2003), the transcriptional

action of RUNX3 remains unknown, although it has been clearly associated with

mechanisms of skeletogenesis and chondrogenesis (Soung et al., 2007; Wigner et al.,

2013; Yoshida et al., 2004; Zheng et al., 2007). Co-expression of RUNX3 and BMP2
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was reported in mouse dental pulp cells and in human osteosarcoma cell line U-2 OS

and HEK-293 (Zheng et al., 2007) and up-regulation of runx3 expression was recently

associated with tissue mineralization in the notochord of Atlantic salmon (Uhlén et al.,

2015; Wang et al., 2014). For these reasons and in order to evaluate the functionality

and the regulatory potential of the predicted sites, HEK-293 cells were co-transfected

with bmp2 promoter constructs and vectors expressing zebrafish Runx3 (MASN

isoform) and/or zebrafish Cbfβ, a transcriptional co-regulator of Runx factors (Fig. 3B;

Warren et al., 2000). Runx3 expression decreased luciferase activity (1.7 fold in C3 and

1.3 fold in C5), suggesting that it may work as a negative regulator of BMP2

transcription. While CBFβ expression did not significantly change luciferase activity,

the co-expression of Runx3 and Cbfβ strongly decreased luciferase expression in C3

(6.7 fold) and in C5, although to a lesser extent (2.3 fold). Cbfβ cannot bind to DNA

(Gu et al., 2000) and was therefore not expected to trigger any change in bmp2 promoter

activity. But it is known to efficiently mediate the interaction of Runx family members

with the transcription machinery (Blake et al., 2000; Wang et al., 1993) and the

potentiation of the transcriptional regulation of bmp2 gene by Runx3 further confirm the

capacity of Cbfβ in co-regulating gene transcription. Data reported by Kundu and co-

workers (Kundu et al., 2002) revealed that, in bone and cartilage tissues, CBFβ interacts

with RUNX2, enhancing its transactivation capability. Similarly RUNX genes were

shown to be susceptible to auto- and cross-regulation by RUNX family members (Drissi

et al., 2000; Spender et al., 2005), an effect further enhanced upon addition of its CBFβ

partner (Conceição et al., 2013; Simões et al., unpublished data).

A significant decrease in luciferase activity was observed when the region in C3

containing 4 putative Runx binding sites (-1429/-1424; -984/-980; -847/-843; -695/-

688), and later on the region in C5 containing 2 possible Runx sites (-387/-380; -299/-

295) were removed, indicating the presence of functional responsive elements for

Runx3/Cbfβ in the regions -1531/-656 and -656/-294. Expression of Runx3 alone or in

combination with CBFβ did not significantly modified luciferase activity in C7 nor in

C8 (data not shown), indicating that the binding site located in C7 (-64/-60) is probably

not functional. Future studies should aim at identifying the functional Runx sites (e.g.

through site-directed mutagenesis of putative DNA binding elements) and at confirming

Runx3/Cbfβ interaction (e.g. through electrophoretic mobility shift assay and chromatin

immunoprecipitation assay).
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Here, we provide evidence for the capacity of Runx3 to regulate bmp2 transcription,

suggesting its involvement in bone and cartilage metabolism, an hypothesis that should

be explored in future studies.

Mef2c/Sox9b negatively regulate bmp2 transcription

The presence of several cis-regulatory elements related to Mef2 and Sox9 was also

predicted in gilthead seabream bmp2 promoter (Fig. 4A). To evaluate their

functionality, promoter constructs were co-transfected in HEK-293 cells with vectors

expressing zebrafish mef2c (a mixture of zebrafish mef2ca and mef2cb were used, since

both forms produced similar results) or sox9b. Because Mef2c is known to physically

interact with members of the Sox family (Agarwal et al., 2011), mef2c and sox9b

expression vectors were also co-transfected in some experiments (Fig. 4B). A mild

repression (up to 2 fold) of bmp2 promoter activity was observed upon co-transfection

of C3 promoter construct with mef2c or sox9b expression vectors, indicating that both

factors are negative regulators of bmp2 gene transcription. Co-transfection of both

factors did not significantly change luciferase activity but deletion of the region

containing the two predicted binding sites for Sox9 in C4 abolished not only the

negative regulation by Sox9b, but also the negative regulation by Mef2c, even though

no binding site for Mef2c was removed. Although we cannot exclude that in silico

analysis failed to predict Mef2 binding site(s) in this region, we propose that Mef2c

regulation of bmp2 gene transcription is Sox9b-dependent, in a way similar to what has

been reported for Col10a1 in mice (Dy et al., 2012). Inhibition in C3 upon individual

expression of Mef2c or Sox9b could be related to the presence of endogenous Sox9,

which transcript was detected at basal levels in HEK-293 cells (Blache et al., 2004). The

negative regulation by Mef2c/Sox9b was attenuated (1.2 fold) upon deletion of the

region containing two predicted MEF2C responsive elements (C5). The decrease on

luciferase activity observed in C4 and C5 upon expression of sox9b or co-expression of

mef2c and sox9b could be related to the presence of a Sox9 binding site(s) not predicted

through in silico analysis. Both MEF2C and SOX9 factors have been implicated in the

regulation of bone and cartilage formation (Dy et al., 2012; Mackie et al., 2008) and are

co-expressed with BMP2 in several cell lines including the human osteosarcoma U-2

OS and HEK-293 cells (see the Human Protein Atlas database at www.proteinatlas.org).

There are also evidences of Mef2c and Sox9 being regulators of BMP signaling

pathway mediators (Dalcq et al., 2012; Wu et al., 2010) and vice versa; the expression
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of both transcription factors was shown to be regulated by Bmp2 (Kawakami et al.,

2006; Zheng et al., 2013). In agreement with data presented here, Liao and co-workers

recently demonstrated that Bmp2 expression is lowered in Sox9-enhanced

chondrogenesis in mouse cells (Liao et al., 2014). Dy and co-authors have recently

reported a cooperation between SOX9 and MEF2C during cartilage formation in mouse

(Dy et al., 2012), in a way similar to the cooperation reported here. In this study, the

stimulation of Col10a1 transcription by MEF2C was SOX9-dependent, and MEF2C-

enhancing capacity was lost upon SOX9 inactivation, even after Mef2c overexpression

(Dy et al., 2012).

Ets1 enhances bmp2 transcription

Four binding sites for Ets1 were predicted in gilthead seabream bmp2 promoter and

their functionality was tested through co-transfection in HEK-293 cells of promoter

deletion constructs and vector expressing zebrafish ets1 (Fig. 4C). A 2 fold increase of

luciferase activity was observed in C3 upon expression of ets1, indicating that it is a

positive albeit weakly regulator of bmp2 transcription. Deletion of the region containing

3 of the responsive elements in C5 and C7 constructs (-1502/-1496; -984/-980; -847/-

843) did not affect Ets1 transactivation of bmp2 promoter, suggesting that those sites

are most likely not functional. On the contrary, deletion of the region containing the

responsive element located at (-64/-60) in the C8 construct decreased luciferase activity

to basal levels. Although this should be confirmed (e.g. through site-directed

mutagenesis of the specific DNA binding elements), we propose that the -64/-60

binding site is functional and accounts for the totality of Ets1 activity. Members of ETS

family of transcription factors are expressed at the onset of bone formation (Raouf and

Seth, 2000; Uhlén et al., 2015) and are co-expressed with BMP2 in several cell lines

including the HEK-293 (see the Human Protein Atlas database at

www.proteinatlas.org). ETS family members have been associated with mechanisms

regulating osteogenic and chondrogenic processes in vertebrates (Gao et al., 2005; Rosa

et al., 2014). In mice, ETS1 has been shown to cooperate with other regulatory proteins

to modulate transcription of bone and cartilage related genes – e.g. with RUNX2 to

regulate osteopontin gene transcription (Miyake et al., 1998), and with retinoic acid

receptor to regulate RA-induced expression of PTHrP (Karperien et al., 1997). The

possibility of Ets1 cooperating with Runx3 in the regulation of bmp2 transcription was

evaluated through the co-transfections of ets1 and runx3 expression vectors with
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promoter constructs, but no cooperative effect was observed in our experimental system

(data not shown). Our data suggest, for the first time that Ets1 is able to activate

seabream bmp2 transcription.

Conclusions
We have collected within the scope of this work valuable data towards a better

understanding of the transcriptional regulation of BMP2 gene. The high conservation of

BMP2 gene structure among vertebrates – in particular the presence of a 5’ non-coding

exon – and the prediction of similar binding sites for RUNX/MEF2/SOX9/ETS1

transcription factors in gilthead seabream and human BMP2 genes suggest that these

results, collected in a fish system, are probably valid in other vertebrate system, in

particular in human. Functional analysis of promoter-luciferase constructs suggests that

5’ flanking region of gilthead seabream gene contains several responsive elements for

selected transcription factors and therefore corresponds to a functional bmp2 promoter,

while intron I might contribute to silence promoter activity. The functionality of several

binding sites for bone and cartilage related factors predicted in silico was confirmed in

vitro, highlighting the relevance of performing in silico analysis prior to functional

assays. Runx3 is a negative regulator of bmp2 gene transcription and its activity is

enhanced by the co-factor Cbfβ. Similarly, Sox9b and Mef2c, in a Sox9-dependent

manner, are also negative regulators of bmp2 transcription, while Ets1 is a positive

regulator, although a weak one. Current knowledge on the transcriptional regulation of

seabream bmp2 promoter has been summarized in Fig. 5. Although the data reported

here will require further studies, it provides new evidences on the regulation of BMP2

transcriptional activity by bone- and cartilage- related transcription factors.
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Figure captions

Figure 1. Schematic representation of BMP2 gene structure. Exons are displayed as

gray boxes (non-coding exons) and black boxes (coding exons) and indicated with

arabic numbers in gilthead seabream scheme, and as thick solid lines in other species.

Introns are displayed as thin solid lines and indicated with roman numbers. Phase of

intron II insertion is indicated in a white triangle. Dashed lines indicate translation

initiation and termination sites (aligned according to gilthead seabream sites ATG and

TGA, respectively). Accession numbers of BMP2 gene sequences in Ensembl database:

Human (Homo sapiens, ENSG00000125845); Mouse (Mus musculus,

ENSMUSG00000027358); Green anole (Anolis carolinensis,

ENSACAG00000003113); Zebra finch (Taeniopygia guttata,

ENSTGUG00000006434); Spotted gar (Lepisosteus oculatus,

ENSLOCG00000016442); Zebrafish (Danio rerio, ENSDARG00000041430; bmp2b)

and fruit fly (Drosophila melanogaster dpp, FBgn0000490).

Figure 2. Basal activity of gilthead seabream bmp2 promoter constructs in HEK-293

cells. Promoter deletion constructs (C1 to C8) are presented on the left side as light gray

boxes. Nucleotide positions are given according to currently known transcription start

site (TSS). White boxes indicate repetitive sequences (motif and number of repetitions

are indicated on the top of each box). Non-coding and coding exons are displayed as

dark gray and black boxes, respectively. ATG indicates translation initiation. Black

circles indicate in silico predicted Sp1 sites. Luciferase activity (Fluc/Rluc; n = 4) is

presented as fold change over the activity of promoter less pGL3 basic vector. N.A., not

active. Letters indicate values significantly different (one-way ANOVA followed by

Tukey’s post-test; P<0.05).

Figure 3. Effect of Runx3 and Cbfβ on the transcriptional activity of gilthead seabream

bmp2 promoter, determined from luciferase activity of promoter constructs. A,

Schematic representation of bmp2 promoter constructs with putative Runx binding sites

indicated as gray circles. E1, exon 1. B, Luciferase activity (Fluc/Rluc) of promoter

constructs co-transfected with expression vectors carrying zebrafish runx3 or cbfβ

transcripts in HEK-293 cells. Values are presented as fold induction over the basal
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activity of each construct. Gray bars represent values that are not significantly different

from the basal activity. Asterisks indicate values significantly different for the same

construct. Different letters indicate values significantly different between constructs for

the same transcription factor (one-way ANOVA followed by Tukey’s post-test;

P<0.05).

Figure 4. Effect of Mef2c, Sox9b and Ets1 on the transcriptional activity of gilthead

seabream bmp2 promoter determined from luciferase activity of promoter constructs. A,

Schematic representation of bmp2 promoter constructs with putative Mef2, Sox9 and

Ets1 binding sites indicated as circles. E1, exon 1. B, Luciferase activity (Fluc/Rluc) of

promoter constructs co-transfected with expression vectors carrying zebrafish mef2c

(1:1 mixture of mef2ca and mef2cb) and/or sox9b transcripts in HEK-293. C, Luciferase

activity (Fluc/Rluc) of promoter constructs co-transfected with expression vector

carrying zebrafish ets1 in HEK-293. Values are presented as fold induction over the

basal activity of each construct. Gray bars represent values that are not significantly

different from the basal activity. Asterisks indicate values significantly different for the

same construct. Different letters indicate values significantly different between

constructs for the same transcription factor (one-way ANOVA followed by Tukey’s

post-test; P<0.05).

Figure 5. Schematic representation of proposed transactivation of gilthead seabream

bmp2 transcription by Runx3, Cbfβ, Mef2c, Sox9b and Ets1. E1, exon 1. Arrows and

intersected lines indicate activation and repression, respectively. Fold changes in

luciferase activity are indicated above the line respective to each transcription factor or

pairs of transcription factors.













Table 1. PCR primers used in this study

Name Sequence (5’-3’)*

SauBMP2_1Rv AAGTCTTGGTCAGCGCGGAAACGAA

SauBMP2_2Rv GGCCTGCGCCTCAGTCCAAACATATT

SauBMP2_3Rv GGCTCGCGTAGGCAGGACCGATCTA

SauBMP2_4Rv GGATAAGTCCCGTGGCACCTTCCAGC

SauBMP2_HindIII_5Rv CACGCAAGCTTCACTGGTGCTGAGGTATT

SauBMP2_HindIII_6Rv CACGCAAGCTTGGCTCGCGTAGGCAGGACCGATCTA

SauBMP2_XhoI_1Fw CCGGAGCTCGAGCCGCCTGCCCCACCATCAT

SauBMP2_KpnI_2Fw CCGGAGGGTACCGCCTCCTCGTCAGGTAAA

SauBMP2_XhoI_3Fw CCGGAGCTCGAGTCACGTTCACGGGGAAGCATTGC

SauBMP2_XhoI_4Fw CCGGAGCTCGAGGTGTGAGTTTCCAGGATGTGTA

SauBMP2_XhoI_5Fw CCGGAGCTCGAGTTTGTTTGACATGAGAAGGGG

SauBMP2_XhoI_6Fw CCGGAGCTCGAGGAGGTGCTTTATCGCGGACA

SauBMP2_XhoI_7Fw CCGGAGCTCGAGACTGCTCTCTCTCGTGTTC

*Underlined sequences indicate recognition site for endonucleases cited in primer name
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