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Identification of a New pebp2aA2 Isoform From Zebrafish runx2
Capable of Inducing Osteocalcin Gene Expression In Vitro

Jorge P Pinto,'* Natércia M Conceicdo," Carla SB Viegas,' Ricardo B Leite,! Laurence D Hurst,> Robert N Kelsh,* and
M Leonor Cancela’

ABSTRACT: The zebrafish runx2b transcription factor is an ortholog of RUNX2 and is highly conserved at
the structural level. The runx2b pebp2 aA2 isoform induces osteocalcin gene expression by binding to a specific
region of the promoter and seems to have been selectively conserved in the teleost lineage.

Introduction: RUNX2 (also known as CBFA1/Osf2/AML3/PEBP2aA) is a transcription factor essential for
bone formation in mammals, as well as for osteoblast and chondrocyte differentiation, through regulation of
expression of several bone- and cartilage-related genes. Since its discovery, Runx2 has been the subject of
intense studies, mainly focused in unveiling regulatory targets of this transcription factor in high vertebrates.
However, no single study has been published addressing the role of Runx2 in bone metabolism of low
vertebrates. While analyzing the zebrafish (Danio rerio) runx2 gene, we identified the presence of two
orthologs of RUNX2, which we named runx2a and runx2b and cloned a pebp2aA-like transcript of the runx2b
gene, which we named pebp2aA2.

Materials and Methods: Zebrafish runx2b gene and cDNA were isolated by RT-PCR and sequence data
mining. The 3D structure of runx2b runt domain was modeled using mouse Runx1 runt as template. The
regulatory effect of pebp2aA2 on osteocalcin expression was analyzed by transient co-transfection experiments
using a luciferase reporter gene. Phylogenetic analysis of available Runx sequences was performed with
TREE_PUZZLE 5.2. and MrBayes.

Results and Conclusions: We showed that the runx2b gene structure is highly conserved between mammals
and fish. Zebrafish runx2b has two promoter regions separated by a large intron. Sequence analysis suggested
that the runx2b gene encodes three distinct isoforms, by a combination of alternative splicing and differential
promoter activation, as described for the human gene. We have cloned a pebp2«aA-like transcript of the runx2b
gene, which we named pebp2aA2, and showed its high degree of sequence similarity with the mammalian
pebp2aA. The cloned zebrafish osteocalcin promoter was found to contain three putative runx2-binding
elements, and one of them, located at —221 from the ATG, was capable of mediating pebp2aA2 transactiva-
tion. In addition, cross-species transactivation was also confirmed because the mouse Cbfal was able to induce
the zebrafish osteocalcin promoter, whereas the zebrafish pebp2aA2 activated the murine osteocalcin pro-
moter. These results are consistent with the high degree of evolutionary conservation of these proteins. The
3D structure of the runx2b runt domain was modeled based on the runt domain of mouse Runx1. Results show
a high degree of similarity in the 3D configuration of the DNA binding regions from both domains, with
significant differences only observed in non-DNA binding regions or in DNA-binding regions known to
accommodate considerable structure flexibility. Phylogenetic analysis was used to clarify the relationship
between the isoforms of each of the two zebrafish Runx2 orthologs and other Runx proteins. Both zebrafish
runx2 genes clustered with other Runx2 sequences. The duplication event seemed, however, to be so old that,
whereas Runx2b clearly clusters with the other fish sequences, it is unclear whether Runx2a clusters with
Runx2 from higher vertebrates or from other fish.
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INTRODUCTION trum of functions and share a 128 amino acid residue DNA-

binding, or runt, domain, highly conserved across evolu-

HE TRANSCRIPTION FACTOR RUNX2 (also known as  tjon.()) The first member of this family to be identified was
CBFAL1, OSF2, PEPB20A, or AML3) is a protein from  the Drosophila gene runt, named according to its function

the RUNT family, whose members regulate a broad spec-  in the establishment of segmentation patterns during em-
bryogenesis, and later discovered to also play a role in sex
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gene of the same family, lozenge, was found to be required
for cell patterning in the eye and for hematopoiesis. Other
invertebrate species in which runx proteins have been char-
acterized include the nematode Caenorhabditis elegans and
the echinoderm Strongylocentrotus purpuratus, where a
single runx gene has thus far been identified.®

Three Runx genes have been identified in vertebrates to
date. RunxI is required for hematopoiesis® and is fre-
quently mutated in human leukemia. Runx3 controls cell
proliferation™® and is frequently downregulated or silenced
in human gastric and colorectal cancers.®’ A third gene,
Runx2, has been shown to exert a critical role in regulating
the switch from cartilage to bone and to be required for
normal bone formation and osteoblast differentiation. Ac-
cordingly, deletion of the Runx2 gene in mouse generated
animals with a normally patterned but exclusively cartilagi-
nous skeleton, because of an arrest of osteoblast differen-
tiation. Additionally, a link was established between Runx2
haploinsufficiency and cleidocranial dysplasia, an autoso-
mal dominant skeletal dysplasia in mouse and humans.®”
Unexpectedly, mouse Runx2 was also found to be required
for bone remodeling®?” and chondrocyte differentiation
and function.'® Concomitant with this multiplicity of roles,
Runx2 has been shown to regulate, in mammals, the ex-
pression of a variety of genes including osteocalcin," " type
I and X collagens,'*'® osteopontin,"* bone sialopro-
tein,""> sclerostenosis,'® and vascular endothelial growth
factor."” In addition to their role as transcriptional regu-
lators, through direct binding to target promoters via their
runt domains, the Runx2 proteins have been shown to es-
tablish complexes with proteins involving domains other
than runt,*® thereby influencing their regulatory capacities
and function. Finally, studies in mammals have shown that
Runx genes can function either as proto-oncogenes or tu-
mor suppressors, through transcriptional regulation of
genes implicated in tumor invasion and metastasis.'”

Three major N-terminal isoforms of Runx2 are known,
each regulated by distinct promoters.(!1:2°2% They are des-
ignated Pebp2aA (type I/p56, starting with the sequence
MRIPV), fil-1 (type II/p57, starting with the sequence
MASNS), and Cbfal/Osf2 (type III, beginning with MLH-
SPH). The Pebp2a A transcript is predominantly expressed
in T cells,?°2>2% but also in osteoblasts,">?" and its ex-
pression does not change with the differentiation status of
the cells. In contrast, fil-I expression is increased during
differentiation of primary osteoblasts and is induced in os-
teoprogenitors and in premyoblast C2C12 cells in response
to bone morphogenetic protein-2."> As for Cbfal/Osf2, its
expression seems to be restricted to bone and osteo-
blasts."V

Teleost fish are considered to have been the first group to
develop a bony skeleton and, concomitantly, all the mo-
lecular machinery necessary for its formation and mainte-
nance. Teleost runx2 genes/cDNA have been isolated from
medaka (Oryzias latipes),*” fugu (Takifugu rubripes),*®
Tetraodon (Tetraodon nigroviridis, V Laizé and ML Can-
cela unpublished data, 2002), and zebrafish (Danio re-
rio),* but there is an almost complete lack of functional
information for these proteins in lower vertebrates. Re-
cently, the first case of a duplication of a runx2 gene was
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described in zebrafish, the two copies being located at dif-
ferent sites in the genome (on LG 17 and 20), and present-
ing some differences in their temporal and spatial expres-
sions.®” The Runx? transcription factor was first identified
as a regulator of osteocalcin gene transcription and, since
then, new target genes and functions have been unveiled.
However, the mechanisms by which Runx2 regulates osteo-
calcin transcription seem to be similar to those involved in
its interaction with other genes. Analysis of runx2/
osteocalcin interactions in lower vertebrates will permit to
address the question of whether the basic regulatory
mechanisms of bone formation and osteoblast/chondrocyte
differentiation have been conserved throughout evolution.
We have therefore cloned the zebrafish runx2 gene and
studied the degree of conservation of its gene structure and
function. Interestingly, we show strong conservation of
runx2 and remarkable conservation of transcriptional acti-
vation of the osteoblast marker osteocalcin in vitro across
species. Additionally, we present the first structural model
of the DNA-binding motif of a Runx2 protein and address
the evolutionary hypothesis that arises from knowing the
structure of the duplicated zebrafish runx2 genes.

MATERIALS AND METHODS
Cloning of the zebrafish complete pebp2aA2 cDNA

Degenerate primers (zfRunx2F1 and zfRunx2R1; Table
1) were designed to obtain a zebrafish partial runx2 cDNA
by RT-PCR, which in turn, was used to construct specific
primers to amplify the 5’-end (zfRunx2R2; Table 1) and to
extend the available 3’ sequence (zfRunx2F2 and
zfRunx2R3; Table 1) beyond the termination codon of the
zebrafish runx2 isoform I (pebp2aA). Amplification was
performed by 5'- and 3'-RACE with Advantage cDNA
polymerase mix (Clontech), using zebrafish Marathon
cDNA libraries as templates, under conditions suggested by
the supplier. All sequence alignments were performed with
CLUSTAL W.G9

Determination of the zebrafish runx2b
gene structure

The exon/intron boundaries of the zebrafish runx2b gene
(runx2b) were amplified by PCR, using specific exonic
primers designed in regions adjacent to where conserved
intronic insertions were known to be present in other spe-
cies. Amplified sequences were confirmed and extended
into introns after comparison with complete or partial in-
tronic sequences resulting from in silico analysis of the
available zebrafish genome (http://www.sanger.ac.uk/
Projects/D_rerio/ and http://www.ncbi.nlm.nih.gov/genome/
seq/DrBlast.html). All intronic/exonic boundaries were
confirmed by direct sequence analysis.

Cloning and analysis of the zebrafish runx2b
proximal and osteocalcin promoters

The osteocalcin and runx2b proximal promoter se-
quences were amplified with the Universal Genome
Walker kit (Clontech), using reverse specific primers within
the zebrafish osteocalcin cDNA (PY Gavaia and ML Can-
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TABLE 1. OLIGONUCLEOTIDES USED FOR PCR AMPLIFICATION

Name

Sequence*

Sense primers
zfRunx2F1
zfRunx2F2
zfBGP WtF2
zfBGP WtF3
zfBGP MutF2
zfBGP MutF3

Antisense primers
zfBGPR1
zfRunx2R1
zfRunx2R2
zfRunx2R3
zfRunx2R4
zfRunx2R5

ATCATCGC(G/C)GACCACCC(A/G)GCCG
CCCAACTTTCTCTGCTCGGTTTTGCCTTC
CCGGAGCTCGAGACTCTGACCACACAGAGTC
CCGGAGCTCGAGCAACAAACCCCACACGACATC
CCGGAGCTCGAGACTCTGAGAACACAGAGTC
CCGGAGCTCGAGCAACAAACCGAACACGACATC

CACGCAAGCTTGCTGATCTGTGTGCGTGTG
GCCACCTGGTTCTTCATCAC
CCTGGTTCTTCATCACCCCTGAGGCATTC
CTGAAAGCCAGGCGAATACATC
CCAATGAGAAGGCAAAACCGAGCAGAGAAA
AAGCACCGTATGTCCTCCGTTTGCGTGAGA

* Underlined and italic sequences in sense primers are Xhol sites, underlined and italic sequences in antisense primers are HindIII sites.

cela, unpublished data, 2001) and the runx2b proximal pro-
moter (zfRunx2R4 and zfRunx2R5; Table 1), under condi-
tions specified by the manufacturer. Identification of
putative binding motifs in the sequences obtained was per-
formed with MatInspector v.2.2 and Genomatix soft-
ware.®") Comparative sequence analysis of zebrafish
Pebp2aA2 and mouse Pebp2aA promoters was made with
Pipmaker.©*

Determination of the 3D structure of the zebrafish
Pebp2a A2 runt domain

The comparative model of the DNA binding domain
of Pebp2aA2 (runt domain) was obtained using the
MODELLER 6v2 software.*® This software requires a
pre-existent structure, with a predicted high similarity with
the query structure. The most appropriate structure found
was the runt domain of the mouse Runx1 protein, with the
Protein Data Bank code 1EAN.* This structure has a 1.25
A resolution and reveals 90% of sequence identity with the
putative runx2b DNA binding domain, spanning a 114
amino acid region.

The spatial constraints were derived by transferring the
spatial features from the known protein structure to the
unknown structure. The model showing the smallest
pseudo-energy was taken as final modeled structure. The
stereochemistry of the final structure was checked using
PROCHECK,®> which showed no residues in disallowed
regions of the Ramachandran plot. Figures 6A and 6B were
created using DeepView 3.7 SP5.

Reporter plasmids

Constructs ocProm-Luc and pebp2a A20RF-pCMX-PL1
were obtained by cloning, respectively, the promoter of ze-
brafish osteocalcin (nucleotides —25 to -840 from the ini-
tiation codon; accession number AY178836) into the
pGL2-Luc reporter plasmid (Promega) and the zebrafish
pebp2aA2 open reading frame (ORF; nucleotides —25 to
+1426 from the ATG) into the pCMX-PL1 expression vec-
tor (kindly provided by Dr Roland Schuele, University of
Freiburg, Freiburg, Germany).

Osteocalcin promoter deletion constructs, ocwt2 and
ocwt3, were obtained by PCR amplification of the full os-

teocalcin promoter, using forward primers designed on the
motifs R2 and R3, respectively, and bearing a specific re-
striction site at their 5" ends (zfBGP WtF2, zEBGP WtF3;
Table 1) and a reverse primer zEBGPR1 (Table 1), bearing
a specific restriction site at its 3’ end. Point mutations
were generated in the putative runx2-binding motifs R2
(ocMut2) and R3 (ocMut3) by PCR amplification of the
wildtype sequence with forward primers (zfBGP MutF2,
zfBGP MutF3; Table 1) containing a two-base pair muta-
tion in motif R2 and R3, respectively, and the same specific
reverse primer (zEBGPR1; Table 1). PCR products were
cloned into the pGL2-Luc reporter plasmid and used in
transfection experiments. All constructs obtained were con-
firmed by DNA sequence analysis. Plasmids used for trans-
fection studies were prepared using Qiagen plasmid Maxi
Kit. The mouse Osf2/Cbfal ORF and osteocalcin promoter
(mOG2) constructs were a kind gift from Dr Gerard
Karsenty (Baylor College of Medicine, Houston, TX, USA).

Cell culture, transfection, and luciferase assays

The Xenopus laevis A6 cell line (ATCC#CCL102) was
cultured at 24°C in 0.6x L15 medium supplemented with
5% FCS and 1% penicillin/streptomycin (Gibco BRL), in a
humidified air atmosphere. Cells were seeded at 60% con-
fluency in 6-well plates, and transient transfection assays
were carried out using Fugene6 as carrier (Roche Molecu-
lar Biochemicals). Luciferase (LuC) activity was assayed as
recommended by the manufacturer (Promega) in a TD-20/
20 luminometer (Turner Designs). Relative light units were
normalized to protein concentration using the Coomassie
dye binding assay (Pierce). All experiments were repeated
at least five times. As a positive control for each transfec-
tion, the mouse Osf2/Cbfal ORF and mouse Osteocalcin
gene (mOG2)""*® were co-transfected in A6 cells.

Phylogenetic analysis of the duplicated
runx2 isoforms

All complete protein sequences of Runt-related tran-
scription factors (family HBG004221) were extracted
from HOVERGEN®? (http://pbil.univ-lyonl.fr/search/
query_fam.php), aligned using MULTALIN,®® and
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cleaned through Gblocks.®” The resulting alignment was
examined using TREE_PUZZLE 5.2, under the JTT
model, with one invariable class and eight y rates with all
parameters estimated from the data. Numbers associated
with each branch represent support figures. The same align-
ment was examined using MrBayes (v3.0b4),“? with a
mixed amino acid model. MrBayes was executed for
1,000,000 generations resulting in 10,000 trees. A burn-in of
7000 trees was used. Support values indicate the proportion
of the 3000 remaining trees supporting a given node under
the 50% majority consensus rule.

RESULTS

Cloning and analysis of the zebrafish
pebp2aA2 cDNA

Using RT-PCR with a combination of degenerate and
specific primers and 5’RACE amplification, we cloned a
zebrafish runx2 isoform (pebp2aA2) cDNA (accession
AY176052) spanning 2490 bp corresponding to an 87-bp
5'UTR, a 1350-bp OREF, and a 1053-bp partial 3" UTR.

Alignment of available or deduced complete Pebp2aA
protein sequences from D. rerio, T. rubripes, and H. sapi-
ens, of til-1 sequences of D. rerio and H. sapiens and of the
partial pebp2aA sequence from the cartilaginous fish Raja
eglanteria (Fig. 1), shows an overall 81% identity between
pebp2aA2 and pebp2aAl, with strongest homologies
found in the runt domain (97%), the PST (proline/serine/
threonine-rich) region (80%), the putative nuclear localiza-
tion signal (NLS; 78%), and the putative C-terminal repres-
sion motif (100%). Comparative analysis of all Pebp2aA
protein sequences from bony fish and H. sapiens showed an
overall identity of 64%, again focused in the runt domain
(96%), the PST region (60% ), the presumptive NLS repres-
sion domain (78%), and the C-terminal VWRPY repres-
sion motif (100%), found almost invariably in all known
Runt proteins. Interestingly, the glutamine/alanine (Q/A)
repeat region was absent in all fish pebp2aA sequences,
whereas it seems to be a characteristic of higher vertebrate
sequences (from chicken to humans).

Determination of the zebrafish runx2b
gene structure

The structure of the runx2b gene region that generates
the pebp2aA2 isoform mRNA (Fig. 2) has eight exons
(Table 2), and all intronic/exonic borders were well con-
served in comparison with mammals (data not shown). In-
trons 2 and 4-7 were not sequenced in full, nor were they
available in the database of the zebrafish genome sequenc-
ing project. The high degree of conservation between ze-
brafish and human Runx2 genomic sequences strongly sug-
gests the existence, in zebrafish, of the same three runx2
isoforms, corresponding to types I to III, previously de-
scribed in mammals. The isoforms starting with MASN and
MSHSP, being the most N-terminal transcripts, could result
from alternative splicing coupled with partial exon skip-
ping, leading to the use of two different ATGs, located
either in exon 1 (for the Cbfal/Osf 2 transcript) or exon 2
(for the Chfal transcript; Fig. 2). Control of transcription is
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probably exerted by the distal promoter (P1). On the other
hand, transcription of pebp2aA2 is driven by a different
promoter (P2), located within intron 2 (Fig. 2), its transcrip-
tion start site, 5’UTR, and initiation codon (ATG3) being
also located in this intron (within the { domain, see Fig. 2).

Cloning and analysis of the runx2b
proximal promoter

Analysis of the 1795-bp fragment (GenBank AY509034)
of the runx2b proximal promoter with TRANSFAC and
MatlInspector software revealed the existence of several pu-
tative binding motifs for nuclear proteins (Fig. 3A). We
have not found a canonical TATA box, although it is pos-
sible that the motif TAATTT, located between —12 and —17
bp, could serve as a RNA polymerase II recognition site.
Additionally, this promoter has a putative CAAT box lo-
cated at —151 bp and among others, putative binding sites
for CREB/ATF (=71, —-178, and —1722), Runx2 (-598 and
-913), and CBF1 (-104, -785, —1358, and —1386).

It has been shown that sequence comparison between
teleost and mammalian genes can point to conserved regu-
latory regions.“ We have performed a comparative se-
quence analysis of runx2b proximal promoters (P2) from
zebrafish and mouse using the PipMaker software but
failed to identify significantly conserved regions (results not
shown).

Cloning and analysis of the zebrafish
osteocalcin promoter

To address the question of whether the highly conserved
Runx2 protein might be accompanied by conserved regu-
latory targets, we cloned 870 bp of the zebrafish osteocalcin
5" flanking region (Fig. 3B). Sequence analysis shows the
existence of a putative TATA box, located at —60 bp and a
CAAT box, at =92 bp (numbered from the first nucleotide
of the longest cDNA obtained; PY Gavaia and ML Can-
cela, unpublished data, 2001). Flanking the CAAT box, be-
tween —85 and —104 bp, a motif sharing a 70% conservation
with human and rat osteocalcin boxes““® was identified. In
addition, several putative transcription factor binding mo-
tifs were also predicted with this analysis, namely for Runx2
(-187 to —201, —221 to —-215, and -350 to —364), AP1 (-165
to —185 and -690 to —710), RXR (-654 to —638), CEBPB
(—389 to —376; —432 to —-435; —613 to —626), and E4BP4
(—283 to —274). A repetitive motif ([CA], _ 4;) was also
identified, located at —596 to —447.

Pebp2aA2 induces expression of the bone-related
osteocalcin gene in A6 cells

Co-transfection of A6 cells with the zebrafish pebp2aA2
ORF and osteocalcin promoter (Fig. 4A) showed a 2-fold
induction of the osteocalcin promoter construct. The same
result was obtained when the same osteocalcin promoter
construct was co-transfected with the mouse pCMV-Osf2/
Cbfal construct (Fig. 4A). In addition, the zebrafish
pebp2aA2 ORF was able to activate the mouse osteocalcin
promoter to the same extent as the zebrafish osteocalcin
promoter (Fig. 4A).
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FIG. 1. Alignment of
Pebp2aA protein sequences
from D. rerio (pebp2aA2:
AY176052 and pebp2aAl:
AY380819), T. rubripes (de-
duced from the gene sequence
AF477383), and H. sapiens
(NM_004348), of the til-1 pro-
tein sequence of D. rerio
(AY380820) and H. sapiens
(AF001450) and of the partial
pebp2a A sequence of Raja eg-
lanteria (AY444494). Identical
residues between all species
are signaled with an asterisk.
The activation domain 1
(AD1) of Cbfal is in light gray
and the Q/A domain (AD2) of
human RUNX2 isoforms is
shaded in dark gray. The runt
domain is dot-boxed and the
proline/serine/threonine-rich
(PST) region is indicated by a
black line on top. The putative
nuclear localization signal
(NLS) is in bold, and the C-
terminal 27 amino acids of
AD3 are shaded in black with
white letters. The “GASEL”
motif, involved in the transac-
tivation function of AD3, is
boxed, and the “VWRPY” C-
terminal repressor motif is
dash-boxed.
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FIG. 2. Zebrafish runx2b gene organization and correspondence with pebp2aA2 transcript. (A) The runx2 gene consists of eight exons
and two different alternative promoters (P1 and P2; not at scale). Introns are denoted by black lines (not at scale) and exons by gray
boxes. (B) The pebp2aA2 cDNA results from the transcription of exons III to VIII including a part of intron 2, denoted as V. All exons,

except exon VIII and W, are at scale.

TABLE 2. zfrunx2b GENE ORGANIZATION AND
EXON/INTRON SIZES

Exon Exon size (nt) Intron Intron size (nt)
I 142 1 127

11 117 2 >5000

111 354 3 1386

v 155 4 >1340

\% 108 5 >478

VI 170 6 >657
VII 165 7 >9475
VIII >1538

nt, nucleotides.

In mammals, the Cbfal isoform has been shown to inter-
act with the osteocalcin promoter, more specifically with
two well-conserved elements, named OSE1 and OSE2.G®
Consequently, we analyzed the interaction between
pebp2aA2 and the putative Runx2-binding elements (R2
and R3) identified in the zebrafish osteocalcin promoter.
Site-directed mutagenesis of R2 (Fig. 4B), completely abol-
ished the transactivation of the osteocalcin promoter by
pebp2aA2 (Fig. 4A). Accordingly, no activation was seen
when Wt3 or mutant R3 were used, indicating that presence
of R2 is required for activation of transcription (Fig. 4A),
and therefore R2 appears to be a target of pebp2aA2 in this
assay system. Supporting this hypothesis is the fact that
similar induction values were obtained when using the com-
plete promoter (867 bp) or the nonmutated WT2 promoter
fragment (226 bp), suggesting the absence of additional
binding motifs for pebp2aA2 in the zebrafish osteocalcin
promoter sequence analyzed.

Determination of the 3D structure of the zebrafish
pebp2aA2 runt domain

The runt motif is the DNA-binding domain of all Runx
proteins and thus is essential for protein function. Because
one crystal structure has been published for a Runx protein,
that of the mouse Runx1,®* and given the high degree of
sequence conservation (90% at the amino acid level) be-
tween the runt domain of the mouse Runx1 and that of the
zebra fish pebp2aA2, we asked whether their 3D structure
was also conserved between fish and mammals. The mouse
Runx1 runt domain was thus used as template for the 3D
modeling of the zebrafish protein runt domain. The model

obtained for the pebp2aA2 runt motif displays a high de-
gree of similarity with the mouse Runx1 equivalent, being
made of 12 B strands separated by flexible loops, adopting
the fold of an immunoglobulin (Ig)-like B sandwich,“®
similar to that shown by the crystallographic structures of
runt domains bound to DNA and to Cbff (Fig. 5A).(44®
The amino acid substitutions between mouse and zebrafish
runt domains occur in B2 (Sto C), L2 (T to S), L3 (Sto C
andIto V), L4 (DtoE),B5(LtoV),B7(TtoS, AtoG,
and A to V), and B12 (I to V). However, none of these
differences in amino acid residues are located in regions
described as essential for DNA binding (Figs. 5B and 5C).

Phylogenetic analysis of the duplicated
runx2 isoforms

The amino acid sequences of the zebrafish duplicated
pebp2aA proteins were aligned with all known Runx pro-
teins, and their phylogenetic relationships were analyzed
(Figs. 6A and B). The results clearly showed a clustering of
both Runx2b and Runx2a isoforms with other Runx2 pro-
teins, separate from Runxl and Runx3. However, numer-
ous features of the topology of the phylogeny are sensitive
to analysis methods. Notably, the precise relationship be-
tween the three family groups is unclear, and whereas
Runx2b segregates with the Runx2 orthologs of other fish
species, Runx2a location is unclear. The Bayesian analysis
(Fig. 6B) fails to adequately resolve the node, whereas the
quartet puzzling method provides weak support for it being
closer to the mammalian and bird orthologs. It is safest to
conclude that the duplication postdates the expansion of
the three families, but is otherwise hard to resolve. Further-
more, it does not seem to be a recent D. rerio—specific
duplication.

DISCUSSION

The zebrafish D. rerio is widely accepted as a valuable
model for studies of vertebrate development®’*® and an
emerging model system for human disease,*” presenting
unique advantages over other vertebrate models. The
Runx?2 transcription factor is essential for osteoblastic dif-
ferentiation and transcription of osteoblastic marker genes
such as osteocalcin. However, these studies have been
markedly biased toward higher vertebrates and the osteo-
blast-specific Cbfal isoform. Thus, other models that could
contribute to understand the physiological role and evolu-
tionary path of this gene and its multiple transcripts remain
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FIG. 3. Sequence analysis of
(A) runx2b proximal promoter
and (B) osteocalcin promoter.
Several putative binding motifs
were identified by Matlnspec-
tor v.2.2 and Genomatix analy-
sis and signaled in the se-
quence with solid arrows. A
purine-rich region (boxed) was
also identified in the runx2b
promoter. Numbering from the
ATG of the longest cDNA ob-
tained is shown throughout the
sequences.
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FIG. 4. Characterization of zebrafish osteo-
calcin promoter regulation. (A) Functional
characterization of the osteocalcin promoter.
Transfections were performed in A6 cells
plated in 6-well plates and transiently co-
transfected with either zfpebp2a A20RF-
pCMX-PL1 or mouse Osf2/Cbfal ORF ex-
pression vectors together with either
zebrafish osteocalcin (ZfOc) promoter or
W12 (containing motifs R2 and R3) fused to
the luciferase reporter gene. Mutation of
motif R2 (Mut2) inhibits ZfOc promoter
activation by zfpebp2aA2. Presence of
either intact or mutated motif R3 (Wt3 vs.
Mut3) show no effect on ZfOc promoter

ZfOc | #

F 3

-840 -350

' activation by zfpebp2aA2. (B) Schematic
representation of the zebrafish osteocalcin
promoter with the three putative runx2-bind-

W2 |

ing elements. Localization of each motif

Mut2 |

,  within the osteocalcin promoter is shown by
horizontal arrows, numbered from the initia-
tion codon (see Fig. 3B). Nucleotides mu-
tated by site-directed mutagenesis are iden-
tified by an “x”

FIG. 5. 3D modeling of the
pebp2aA2 runt domain. (A)
Comparison with murine
Runx1 runt domain. (I) Rib-
bon diagram of the mouse
Runx1 runt domain structure
(1IEAN; amino acids 60-
173).G% (II) Ribbon diagram
of the structure predicted for
pebp2aA2 runt domain (resi-
dues Ala60 to Prol73). (III)
Overlap of the pebp2a A2 and
mRunx1 runt structures
(pebp2aA2 runt in dark gray).
The B strands and loops in I
and II are numbered according

Mouse Runxl
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to the mRunx1 model derived
from its crystal structure and
are labeled sequentially, from
Bl to B12 and L1 to L12, re-
spectively. (B) Ribbon dia-
gram of the mRunx1 runt do-
main (1IEAN; amino acids 60—
173),% showing amino acid
substitutions relatively to the
pebp2aA2 DNA-binding mo-
tif. Protein regions intervening
in DNA-binding are identified
and shown in black. (C) Amino
acid sequence and secondary
structure of mouse Runxl
(1EAN; amino acids 60—
173)G% and zebrafish
pebp2aA2 runt domains. Ar-
rows denote the B-strands
formed by each amino acid
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group, and each loop is identified by an L and the respective number. Amino acids are numbered below the sequence and amino acid
substitutions between mouse and zebrafish are boxed. Protein domains shown to be critical for DNA/Cbff binding are signaled with
a black bar. Amino acids shaded in black correspond to residues changed by engineered mutation to facilitate structure determina-

tion.®
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to be explored. Within this context, and in line of our pre-
vious work focused on teleost fish as models for analyzing
expression of bone- and cartilage-related genes and skeletal
development,®*>* we hereby report the cloning, promoter
analysis, and functional study of the runx2b gene and its
pebp2aA2 isoform from the zebrafish D. rerio.

pebp2aA2 isoform shows all the characteristics of
lower vertebrate orthologs

The high degree of homology between pebp2aA2 cDNA
and Pebp2aA from other species (higher and lower verte-
brates) allowed us to predict the existence, in the hereby
identified protein, of particular regions (Fig. 1), previously
described as important for transcriptional activation of tar-
get genes in other species: (1) a PST region, containing the
putative nuclear localization signal, along with an activator/
repressor domain, shown to be partially responsible for the
transactivation function of Runx2/Cbfal protein®*>>; (2) a
runt domain, encompassing the DNA binding and het-
erodimerization domains2%>%7); (3) the two cysteine resi-
dues, important for the redox regulation of Pebp2a A DNA
binding®®; and (4) a VWRPY motif, located at the C-
terminus of the protein, which can act as inhibitor of the
transactivation function of Runx2/Cbfal, possibly by inter-
acting with mammalian homologs of Groucho, such as
TLE2.*® This motif was previously described in Dro-
sophila runt, where it also acts as a repressor of transcrip-
tion®? and more recently has been shown to be involved in
the regulation of normal osteoblast proliferation.®” The
striking conservation of all four domains throughout evo-
lution is strongly suggestive of their importance for protein
function.

Gallus cbfal
&
Homo Runx2
72 Mus Runv2

Raja Runx3

Rattus Runx3

10 :WGC&‘?OO") Kenopus Runx]-like
Kenopus Runxl-like
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FIG. 6. Phylogenetic tree of
all complete Runx type pro-
teins in vertebrates. (A)
Analysis using Tree-Puzzle.
The numbers associated with

Mus Runxd

nodes indicate support values
derived from Tree-puzzle. (B)
Analysis using MrBayes. The
numbers associated with nodes
indicate support values derived
from 50% majority consensus
rule applied to 3000 equally
likely trees.

Homo Runxd

Danio Runx3

In contrast, a relatively low evolutionary conservation
was observed for motifs important for Runx2 function in
higher vertebrates: (1) the GASEL motif, which partici-
pates in the transactivation function of AD3%* (only two in
five amino acids conserved between human and zebrafish);
and (2) the C-terminal 27 amino acids of AD3, required for
optimum transactivation in mammals®” and absent in
pebp2aA from lower vertebrates. Finally, it is apparent that
the Q/A domain is characteristic of higher vertebrates (Fig.
2), the highest known degree of expansion being observed
in mouse, with 29Q and 18A. The Q/A domain was
shown® to hinder heterodimerization of Runx2 proteins
with Cbff, an ubiquitously expressed nuclear factor,*>¢?
which increases affinity of RUNX1 to DNA.® In addition,
this domain acts equally as an activation domain®® in the
context of the native protein. The presence of only a single
Q/A sequence in zebrafish in the position of the expanded
Q/A repeat of mammals suggests either the absence of in-
teractions between Runx2 proteins and Cbff in this group
or the possibility that Q/A transactivation function may be
accomplished here by different regions of the protein, such
as the PST domain, as was suggested for RUNX1.(* Ad-
ditionally, the fact that this domain is equally absent from
all known Runx1 and Runx3 proteins suggests that it was
absent from the ancestral gene, being an acquisition of the
Runx?2 proteins in higher vertebrates.

Gene structure of runx2b is highly conserved
relative to mammalian orthologs

During the preparation of this manuscript, a paper de-
scribing the cloning and tissue expression of duplicated ze-
brafish pebp2aA cDNA was published.®*” The reported
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isoform, encoded by the gene located on chromosome 20,
seems to correspond to the one we describe here, which we
have also mapped to LG 20 (results not shown). However
a difference of 19 amino acids (4% ) between the two ORF
sequences was observed, and further comparisons are
needed to identify which are, for example, strain-specific
sequence differences. The runx2 isoform described in this
paper was called pebp2aA2 and, accordingly, the RUNX2
ortholog from which pebp2aA2 is transcribed was named
runx2b.

The runx2b gene structure is highly similar to that de-
scribed for its mammalian‘®!*> and Fugu®® orthologs (Fig.
2). From the three putative transcription initiation sites,
only ATG1 remains to be tested, the activity of ATG2 and
ATG3 having been established.*” Therefore, the available
evidence indicates that the plasticity of the Runx2 gene has
been conserved during evolution. Similarly, the regulation
of expression of Runx genes by two distinct promoters
seems to be the rule in all vertebrates.®'°** These strik-
ing similarities strongly suggest that a comparable structure/
function was already present in the runx2 gene(s) of the
ancestor vertebrate and are consistent with the essential
role of the extant Runx2 gene products in a diversity of
biological functions.”*~"?

runx2b and Runx2 promoters show conservation of
motifs

Comparison of the runx2b proximal promoter sequence
to that of mouse Runx2 showed some common consensus
binding motifs, namely for NFAT, AP1, Runx2, GATALI,
MSX-1,2, DLX1, and Cart-1. Of these, it has been shown
that Runx2®* and Msx-2® are able to regulate the ex-
pression of Runx2/Cbfal in mammals. They are thus strong
candidates for regulating expression of pebp2aA2 isoform
in the same way. Additionally, the purine-rich region iden-
tified between —1594 and —1637 in the proximal runx2b
promoter was also detected in the rat promoter,®® suggest-
ing a possible function of this region.

Zebrafish osteocalcin promoter shows motifs
conserved with mammalian orthologs

The zebrafish osteocalcin promoter presents several mo-
tifs similar to mammalian osteocalcin promoters (Fig. 3B).
Of these, the three putative runx2-binding sites are highly
conserved compared with the mouse OSE motifs, strongly
suggesting a role for runx2 in the transcriptional regulation
of this bone-specific gene. Putative VDR and RXR binding
sites in the zebrafish osteocalcin promoter, similarly to what
we have described for other lower vertebrates,®" suggests
a transcriptional regulation of zebrafish osteocalcin by these
molecules. The same holds true for the estrogen- and PTH-
related elements (CEBPB and E4BP4, respectively) identi-
fied, consistent with the described regulatory action of
these molecules on osteocalcin expression.”’* In 1989, Lian
et al.“? identified a 24 nucleotide motif in the promoter of
the rat osteocalcin involved in the efficient transcription of
this gene. They named it osteocalcin box (Oc box) and it
was later found in promoters of other mammalian osteocal-
cin genes. The —85 to —104 motif identified in the promoter
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of zf osteocalcin is the first reported motif in a lower ver-
tebrate sharing high homology with the Oc box, suggesting
that this sequence may be important in the regulation of
zebrafish osteocalcin. Although functional studies need to
be performed, the presence of these elements led us to
hypothesize that the zebrafish osteocalcin gene may be un-
der similar regulatory constraints as its mammalian or-
thologs, suggesting a conservation of these mechanisms
over >200 million years of evolution.

Ability of pebp2aA2 to induce expression of the
osteoblast-specific osteocalcin gene

To date, no information is available concerning the abil-
ity of this transcription factor to regulate osteocalcin gene
transcription in lower vertebrates, despite the putative pres-
ence of OSE elements.®"” In this work, we show that
pebp2aA2, one of the isoforms of runx2b, is able to direct
a 2-fold activation of a zebrafish-osteocalcin promoter-
luciferase chimeric gene (Fig. 4A), a level of induction simi-
lar to that reported in other models.'>2!7® Runx2-induced
osteocalcin gene transcription in mammals has been shown
to be mediated by protein-DNA interactions located at two
OSE elements, designated OSE1 and OSEZ2, respec-
tively.*® We show that induction of the zebrafish osteocal-
cin promoter by pebp2aA2 is completely abolished after
site-directed mutagenesis of motif R2 (Figs. 4A and B),
implicating this 15nt motif in the pebp2aA2-mediated
transactivation of osteocalcin gene transcription. Ducy and
Karsenty®® described a similar element in the promoter of
the mouse osteocalcin gene that binds an ubiquitously ex-
pressed factor, which they propose to be a basic helix-loop-
helix protein. We suggest that, at least in zebrafish, this
factor is pebp2aA2. Moreover, we found no evidence of
interaction between pebp2aA2 and motifs R1 and R3,
which may correspond, in view of their location, respec-
tively, to the OSE1 and OSE2 motifs described in the
mouse gene promoter (data not shown). This is in agree-
ment with the restricted use of OSE1 and OSE2 by the
osteoblast-specific isoforms of Runx2. Moreover, the pres-
ence of similar induction values observed with either the
867nt (full promoter) or the 226nt (WT2) construct exclude
the existence of any extra pebp2a A2 binding sites 5’ to R2
within the DNA fragment analyzed. We show, additionally,
that pebp2aA2 is able to activate the mouse osteocalcin
promoter, although it remains to be shown whether it in-
teracts specifically with the OSE motifs previously identi-
fied or with other regions of the mouse promoter.

Determination of the 3D structure of the zebrafish
pebp2aA2 runt domain

The high degree of sequence conservation and the ability
of zebrafish pebp2aA2 to bind the mouse osteocalcin pro-
moter prompted us to compare the 3D structure of this
zebrafish runx2-encoded isoform and mouse Runxl1 (the
only runt motif with a published structure) and study if the
amino acid differences observed between the two runt do-
mains could induce significant protein structural changes.
Modeling results show that amino acid differences observed
in the zebrafish DNA-binding motif do not induce major
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structural changes relatively to the murine model (Fig. 5A).
Amino acids known to play a key role in Runx protein
function because of their participation in DNA binding are
Arg80, Lys83, Argl35, Argl39, Argld2, Glyl43, Lys167,
Vall70, Aspl71, and Argl74,4>49 whereas residues in-
volved in Runx/Cbf interactions are Asp66, Pro68, Asn69,
Met106, Alal07, Tyr113, Ser114, Thr149, Thr151, Phel53,
Pro156, Pro157, GIn158, Val159, and His163.> Addition-
ally, other amino acids involved in Runx2 dysfunction or
clinical disease include Arg80, Lys83, Argl35, Argl39,
Ser140, and Argl42.77® None of these amino acids are
changed in pebp2a A2, which probably reflects their impor-
tance for the correct structure and function of this protein.
The only significant amino acid change is located on the B7
strand (Figs. 5B and 5C). However, with the exception of
the Ala123Val change, all amino acid substitutions are con-
servative and do not produce a significant conformation
shift in this region of the pebp2aA2 protein (Fig. SA). This
Alal23Val conformational change is not expected to influ-
ence the DNA/protein-binding capabilities of pebp2aA2,
because this strand is reported not to be directly involved in
DNA binding.“* Similarly, the conformational change ob-
served in the DNA binding loop L9, known to suffer a large
structural change after complex formation, is not expected
to affect protein function, because it is possible to observe
a variety of conformations on this loop in the absence of
DNA 3 a fact that has been attributed to its glycine resi-
dues.””

Overall, results obtained with the modeling of the ze-
brafish pebp2aA2 runt domain lead to the conclusion that
substitutions in this domain are strictly controlled, being
only allowed in non-DNA/protein-binding regions. The
single DNA-binding motif where substitutions seem to be
under a more loose control is loop 9, a region where struc-
tural variation is allowed. The high structural similarity be-
tween the zebrafish and mouse runt domains explains the
ability of the zebrafish pebp2aA2 to induce expression of
the mouse osteocalcin gene and highlights the striking struc-
tural and functional evolutionary conservation of these pro-
teins.

Phylogenetic analysis of runx2b and pebp2aA2

The identification in zebrafish of the first duplication of a
Runx2 gene prompted us to perform an in-depth evolution-
ary analysis of these genes in this species. Phylogenetic
analysis of all known Runx sequences from fish, xenopus,
chicken, and mammals (Figs. 6A and 6B) indicated that
both zebrafish runx2 genes are true orthologs of mamma-
lian Runx2, showing a robust separation from Runx1 and
Runx3. The relationship between the two runx2 orthologs,
however, is not straightforward, because their relative po-
sition is very sensitive to the methodology. As expected, the
support values for the relevant nodes are very low. How-
ever, both approaches show clearly that the duplication of
the runx2 ancestor gene occurred at or around the time of
the divergence between teleost and the tetrapod ancestor,
because the amount of divergence accumulated between
the two genes places one of them (runx2b) consistently
within the fish cluster and the other (runx2a), either in an
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independent cluster or in a cluster with a relatively recent
common ancestor with mammalian and avian clusters. In
both cases, the separation seems to have occurred either
shortly before, during, or shortly after the divergence be-
tween the lines that originated fish and mammals. Both
methodologies suggest that this duplication occurred
before the divergence of the zebrafish ancestor from other
teleosts.

In summary, we have isolated one of the copies of the
duplicated zebrafish runx2 gene and found that it has a
structure similar to its previously described mammalian and
Fugu orthologs, suggesting the capability of zebrafish runx2
to code for three protein isoforms with different N-terminal
regions.

The cDNA encoding pebp2aA2 isoform was isolated and
shown to be highly conserved between lower and higher
vertebrates. We show for the first time that, in a lower
vertebrate, pebp2aA2 not only is competent for transcrip-
tional regulation of the osteocalcin gene, through interac-
tion with a well-defined binding motif in this promoter
(Motif R2), but is equally able to induce transcription of a
reporter gene controlled by the mammalian Oc promoter.

Modeling of the runt motif of zebrafish pebp2aA2 shows
a remarkable similarity between the 3D structure of its
DNA binding motif and that of mouse Runx1, indicative of
an intense selective pressure against mutations in this motif,
the hallmark of all Runx proteins.

Finally, we analyzed the evolutionary relationships of the
two known runx2 genes. Both are unambiguously members
of the Runx2 family. The duplication seems to have oc-
curred at or around the time of the divergence between
teleost and the t