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Abstract

Bone morphogenetic proteins (BMPs) are critical players in development and disease, regulating 

such diverse processes as dorsoventral patterning, palate formation, and ossification. These 

ligands are classically considered to signal via BMP receptor-specific Smad proteins 1, 5, and 8. 

To determine the spatiotemporal pattern of Smad1/5/8 activity and thus canonical BMP signaling 

in the developing zebrafish embryo, we generated a transgenic line expressing EGFP under the 

control of a BMP responsive element. EGFP is expressed in many established BMP signaling 

domains and is responsive to alterations in BMP type I receptor activity and smad1 and smad5 

expression. This transgenic Smad1/5/8 reporter line will be useful for determining ligand and 

receptor requirements for specific domains of BMP activity, as well as for genetic and 

pharmacological screens aimed at identifying enhancers or suppressors of canonical BMP 

signaling.

Keywords

Zebrafish; Bone Morphogenetic Proteins; Smads; Transgenic Reporter

Introduction

Bone morphogenetic proteins (BMPs), which are members of the transforming growth 

factor-β (TGF-β) ligand superfamily, play numerous roles in development and disease. For 

example, in vertebrate development, BMP signaling is required for dorsoventral axis 

formation and ventral cell fate specification during gastrulation, tailbud and somite 

formation, cardiomyocyte differentiation, pharyngeal arch development, dorsal retina 

specification, and upper lip and palate fusion, among other processes (Dosch et al., 1997; 

Nguyen et al., 1998; Hild et al., 1999; Dick et al., 2000; Bauer et al., 2001; Beck et al., 2001; 

Mintzer et al., 2001; Payne-Ferreira and Yelick, 2003; Liu et al., 2005; Klaus et al., 2007; 

French et al., 2009; Marques and Yelon, 2009). Furthermore, disruption of BMP signaling is 

associated with several human diseases, including pulmonary arterial hypertension, 

hereditary hemorrhagic telangiectasia, and fibrodysplasia ossificans progressiva (Berg et al., 

1997; Deng et al., 2000; Lane et al., 2000; Shore et al., 2006). While this diverse family of 

more than 20 ligands has been studied in many different contexts, discoveries of functional 
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redundancies, promiscuous receptor binding, and non-canonical downstream effector 

activation have complicated elucidation of the molecular nature of BMP signaling pathways 

in specific developmental processes and disease states.

BMPs and other members of the TGF-β superfamily bind as homo- or heterodimers to a 

heterotetrameric complex consisting of two type II receptors and two type I receptors, both 

of which are serine/threonine kinases (Feng and Derynck, 2005). Ligand binding facilitates 

receptor complex formation, allowing the constitutively active type II receptor to 

phosphorylate the type I receptor within a glycine- and serine-rich (GS) motif. The now-

active type I receptor then phosphorylates Smad proteins at a C-terminal SSXS motif 

(Kretzschmar et al., 1997). Phosphorylation releases these receptor-specific Smads (R-

Smads) from an autoinhibitory fold (Hata et al., 1997), allowing them to heterodimerize 

with the common partner Smad, Smad4, translocate to the nucleus, and, in concert with 

coactivators and corepressors, regulate transcription of target genes (Ross and Hill, 2008).

Typically, TGF-β, nodal, and activin ligands complex with type I receptors (Alk4, Alk5, or 

Alk7) that phosphorylate Smads 2 and 3. In contrast, BMPs complex with type I receptors 

(Alk1, Alk2, Alk3, or Alk6) that phosphorylate Smads1, 5, and 8. The specificity of type I 

receptor/Smad interaction is governed by the type I receptor L45 loop, and the L3 loop and 

α-helix1 within the Smad C-terminal MH2 domain (Feng and Derynck, 1997; Chen et al., 

1998; Lo et al., 1998; Persson et al., 1998; Chen and Massague, 1999). More recently, TGF-

β has been shown to induce Smad1/5 phosphorylation in many different cell types (Liu et 

al., 1997; Goumans et al., 2002; Pannu et al., 2007; Bharathy et al., 2008; Daly et al., 2008; 

Liu et al., 2009; Wrighton et al., 2009), whereas BMP9 has been shown to induce Smad2 

phosphorylation in endothelial cells (Upton et al., 2009). In some cases, these seemingly 

non-canonical responses are actually dependent on canonical type I receptor/Smad 

interactions, with TGF-β inducing the formation of mixed complexes containing both 

Smad2/3- and Smad1/5-specific type I receptors (Goumans et al., 2003; Daly et al., 2008). 

However, in other cases, these responses seem to rely instead on novel activities of type I 

receptors, with Smad1/5-specific receptors phosphorylating Smad2, and Smad2/3-specific 

receptors phosphorylating Smad1/5 (Liu et al., 2009; Upton et al., 2009; Wrighton et al., 

2009). These findings challenge the notion of type I receptor Smad specificity and introduce 

further complexity into TGF-β family signaling pathways.

Phosphorylated R-Smad/Smad4 complexes regulate gene expression by binding to specific 

sequences within DNA and recruiting co-activators or co-repressors. While the specificity of 

DNA binding is not fully understood, it is clear that TGF-β-responsive Smads and BMP-

responsive Smads activate different sets of genes. For example, phosphorylated Smad3 

(pSmad3)/Smad4 binding to Smad Binding Elements (SBEs; GTCT) in the plasminogen 

activator inhibitor-1 (PAI-1) promoter is required for TGF-β-induced gene expression, and 

SBE multimers, in concert with a minimal promoter, confer responsiveness to TGF-β 

(Dennler et al., 1998). In contrast, pSmads1, 5, and 8 can, in concert with Smad4, induce 

expression of inhibitor of differentiation-1 (Id1) via binding to specific sites in its promoter 

(Korchynskyi and ten Dijke, 2002; Monteiro et al., 2004). A so-called BMP responsive 

element (BRE) containing two regions of the mouse Id1 promoter (−1052 to −1032; −1105 

to −1080), ligated together and arranged as an inverted repeat, confers BMP responsiveness 
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to a minimal promoter (Korchynskyi and ten Dijke, 2002). However, pSmad1/Smad4 can 

also regulate gene expression independently of canonical BMP responsive elements, either 

by binding directly to noncanonical cis elements (Mandel et al., 2010) or by interacting with 

non-Smad transcription factors to mediate gene expression through their cognate cis 

elements (Zhao et al., 2003; Wang et al., 2007).

BMP signaling is negatively regulated at multiple levels, including ligand sequestration by 

soluble antagonists such as chordin and noggin; competition between R-Smads and 

inhibitory Smads (Smads 6 and 7) for binding to type I receptors or to Smad4; phosphatase-

mediated dephosphorylation of type I receptors and R-Smads; ubiquitination and 

degradation of type I receptors, R-Smads, and Smad4; phosphorylation of Smads at sites 

other than the SSXS motif; and availability of nuclear co-activators and co-repressors (Itoh 

and ten Dijke, 2007). Therefore, while BMP ligand, BMP receptor, and Smad expression 

patterns are informative, expression of pathway components cannot be equated with BMP 

activity. To better localize canonical BMP activity during development, BMP reporter mice 

have been generated that express β-galactosidase or GFP under the control of a BRE 

(Monteiro et al., 2004; Blank et al., 2008; Monteiro et al., 2008). These models define sites 

of Smad1/5/8-mediated transcription in developing mice, including the dorsal optic vesicle, 

midbrain and hindbrain, anterior branchial arches, forelimb bud, heart, and tail mesenchyme 

at E9.5; and forebrain, snout, trigeminal ganglia, dorsal root ganglia, gut, kidney, liver, lung, 

heart, vasculature, skin, and limb at later stages. Generally, these domains correspond to the 

presence of pSmad1/5. To our knowledge, these models have not been exploited to 

determine ligand or receptor dependence of these activity domains, nor have they been used 

to identify novel genes or small molecules that impinge upon BMP signaling.

To expand the repertoire of models available for studying BMP signaling in vivo, we 

generated a transgenic zebrafish Smad1/5/8 reporter line using the BRE, in concert with a 

minimal promoter, to drive expression of EGFP. Tg(bre:egfp) embryos express EGFP in 

multiple domains known to require BMP activity, and EGFP expression is responsive to 

both activation and inhibition of Smad1/5 phosphorylation, suggesting that EGFP expression 

faithfully reports BMP activity. Because zebrafish embryos are externally fertilized, 

transparent, and undergo rapid embryogenesis, this zebrafish BMP reporter line will allow 

mapping of endogenous BMP signaling over the course of development in live animals. 

Furthermore, because they are amenable to embryonic manipulations such as overexpression 

and knockdown, they can be used to define ligand-, receptor-, and Smad-dependence of 

different activity domains. Finally, Tg(bre:egfp) embryos can be used in genetic and 

chemical screens to identify novel players that either enhance or inhibit BMP signaling, 

either globally or in specific domains. These attributes may allow discovery of small 

molecules with specificity for particular ligands, receptors, or Smads involved in BMP 

signaling, providing finely-tuned tools for probing specific developmental processes and 

targeting specific BMP-related diseases.
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RESULTS

Generation of transgenic zebrafish lines expressing EGFP under the control of a BRE

We assembled a DNA construct containing a BRE upstream of an adenovirus minimal e1b 

promoter and carp β-actin transcriptional start site (Scheer and Campos-Ortega, 1999), 

followed by EGFP coding sequence and a polyA signal. This construct, flanked by Tol2 

transposon arms (Kawakami et al., 2004; Urasaki et al., 2006), was injected along with 

transposase mRNA into one-cell stage zebrafish embryos. Transient expression was 

observed in many structures that proved positive in stable transgenics (detailed below), 

whereas injection of a similar construct lacking the BRE was silent (data not shown). We 

identified 13 P0 founders, which ranged in germline transmission rates from 3–92%. Careful 

examination of two independent F1 lines, Tg(bre:egfp)pt509 (Fig. S1) and Tg(bre:egfp)pt510 

(Fig. 1), revealed identical patterns of EGFP expression, suggesting that expression domains 

are not reflective of the genomic context of the insertion.

bre:egfp expression correlates with many established domains of BMP activity

EGFP expression is first faintly detectable in the tailbud of developing Tg(bre:egfp) 

embryos at the 6 somite (6s) stage (12 hours post-fertilization or hpf; Fig. 1a). While 

expression in this domain is weak at 6 somites, it is quite strong in the tailbud and has 

extended into the developing tail somites by the 12 somite stage (15 hpf; Fig. 1b). The 

presence of BMP activity in the tailbud and somites correlates with expression of smad1 and 

smad8 and presence of pSmad1/5/8 in zebrafish, and corroborates the established role for 

BMP signaling in zebrafish tailbud and somite development (Muller et al., 1999; Thisse and 

Thisse, 2004; Row and Kimelman, 2009). A second early expression domain in 12s 

Tg(bre:egfp) embryos resides in the presumptive myeloid progenitor domain, just caudal to 

the eye (Fig. 1b). By the 18s stage (18 hpf; Fig. 1c), EGFP-positive myeloid cells can be 

seen migrating bilaterally away from their origin. Expression in this domain corroborates the 

established requirement for smad1 in zebrafish macrophage and granulocyte development 

(McReynolds et al., 2007).

By 1 day post-fertilization (dpf), BRE activity has expanded to many new domains (Fig. 1d), 

including the heart (Fig. 1g–i). At this time, the entire endocardium is strongly EGFP-

positive, colocalizing with fli1a-driven dsRed expression in both the atrium and ventricle 

(Fig. 1g–g″). Sparse expression is also evident in the myocardium, which surrounds the 

endocardium (Fig. 1g, g′). By 2 dpf, this expression pattern has inverted, with EGFP 

expressed most strongly in myocardial cells, as evidenced by colocalization with myosin 

light chain 7 (myl7)-driven nuclear-dsRed, and more weakly in endocardial cells, as 

evidenced by minimal colocalization with fli1a-driven dsRed (1e, h–h″). Between 2 and 3 

dpf (data not shown), expression wanes in the endocardium to nearly undetectable levels and 

coalesces within the myocardium to the level of the atrioventricular canal, persisting in this 

pattern until at least 4 dpf (Fig. 1f, i–i″). BRE-driven transgene expression in mice (Blank et 

al., 2008) and pSmad1 expression in chick (Faure et al., 2002) have been reported in both 

endocardium and myocardium, and expression in these domains corroborates known roles of 

BMP signaling in endocardial cushion formation (Wang et al., 2005; Choi et al., 2007), 
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cardiomyocyte survival (Gaussin et al., 2002), and cardiomyocyte-specific tbx20 expression 

(Mandel et al., 2010).

Moving posteriorly from the heart, another strong domain of bre-driven EGFP expression is 

encountered in ventrolateral regions of the pharyngeal arches at 1 dpf (Fig. 1d, j, j′). At this 

time, no segmentation is evident, whereas by 2 dpf, segmentation delineates ventrolateral 

regions of each pharyngeal arch (Fig. 1e, k, k′). By 3 dpf (not shown), pharyngeal 

expression is no longer bilateral but instead has coalesced at the ventral midline, with 

expression persisting in this midline domain until at least 4 dpf (Fig. 1f, l–l′″). Closer 

examination reveals two distinct EGFP expression domains within the ventromedial 

pharyngeal arches. One domain surrounds and is closely apposed to the ventral aorta (Fig. 1l

′–l″), and is likely vascular smooth muscle, which first appears in this region around 3–4 dpf 

(Santoro et al., 2009). The second, segmented domain is more ventral and likely corresponds 

to the medial basihyal and basibranchial/hypobranchial cartilages (Fig. 1l′″). Pharyngeal 

arch expression correlates with reported expression of bre-driven GFP in mouse pharyngeal 

arches (Monteiro et al., 2004) and corroborates the established role of BMP signaling in 

development of zebrafish pharyngeal arches (Payne-Ferreira and Yelick, 2003).

bre-driven EGFP is expressed in the dorsal retina at 1 dpf (Fig. 1d, m, m′), but is no longer 

detectable by 2 dpf (Fig. 1e) This expression domain corroborates the established 

requirement for GDF6a (BMP-13)-mediated signaling in zebrafish dorsal retina 

specification (French et al., 2009). Just caudal to the eyes, the trigeminal ganglia also 

express EGFP at 1 dpf (Fig. 1m, m″), with expression intensifying over the course of the day 

and persisting until at least 4 dpf. In mice, dorsal trigeminal neuron identity requires cell-

autonomous BMP activity (Hodge et al., 2007), supporting our observation that only dorsal 

axonal projections emanating from this ganglion report pSmad1/5-mediated EGFP 

expression in zebrafish. Additional anterior domains of BRE-mediated EGFP expression at 

1 dpf include the pineal gland/epiphysis (Fig. 1d, n), which lies at the midline of the dorsal 

diencephalon and functions as a circadian pacemaker; and the ventral diencephalon, or 

hypothalamic rudiment (Fig. 1d, o). Expression in these domains is also transient, waning 

during day 2. While we could find no published role for BMP signaling in the pineal gland, 

this structure is known to express id1, the gene from which the BRE was derived, in rat and 

zebrafish (Kofler et al., 2002; Toyama et al., 2009). Furthermore, BMP signaling is known 

to be required for hypothalamic patterning in chick embryos (Manning et al., 2006). Thus, 

these two domains would be expected to report pSmad1/5 activity.

In the trunk and tail of 1 dpf Tg(bre:egfp) embryos, EGFP is expressed in the most ventral 

aspect of the embryos, including the mesenchyme underlying the yolk extension and the 

forming common kidney/gastrointestinal opening, the cloaca (Fig. 1d, p, p′). Cloacal 

expression wanes over the course of the day, decreasing from a peak around the 26–28 

somite stage (22–23 hpf). Interestingly, cloacal expression re-appears at 3–4 dpf (Fig. 1f, q, 

q′). Expression timing correlates with connection of the kidney tubules (28 somites) and gut 

tube (4 dpf) to this common opening, and supports the established role of BMP signaling in 

cloacal development (Pyati et al., 2006). Also in the trunk, EGFP continues to be expressed 

in the somites through 4 dpf (Fig. 1d–f, r, r′). While the intensity of EGFP expression in this 

domain decreases between 1 and 2 dpf, expression increases between 2 and 3 dpf and 
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remains strong in most embryos at 4 dpf. The somitic expression domain is the most 

variable domain in Tg(bre:egfp)pt510, with approximately 90 and 70% showing intermediate 

to strong somite expression at 1 and 4 dpf, respectively.

bre-driven EGFP expression continues at 2 dpf in the heart, pharyngeal arches, trigeminal 

ganglia, pineal gland, hypothalamus, and somites, as described above. In addition, clear 

expression is now evident in the developing mouth opening, or stomodeum, within the first 

pharyngeal arch (Fig. 1s). The dorsoanterior expression domain of the stomodeum 

represents the maxillary process, whereas the ventroposterior expression domain of the 

stomodeum represents the mandibular process, which together delineate the forming mouth 

opening. Weaker expression is also seen in an adjacent horseshoe-shaped, slightly more 

dorsal-anterior domain that follows the contours of the ventral diencephalon (Fig. 1s). The 

maxillary and mandibular processes thin along the dorsoventral axis and elongate along the 

left/right axis by 4 dpf to form the mouth opening (Fig. 1t). Interference with BMP signaling 

results in cleft lip and cleft palate in mice, suggesting a critical conserved role for BMP-

mediated pSmad1/5 activity in oral cavity development (Liu et al., 2005).

At 2 dpf, bre-driven EGFP expression is also strong in the pectoral fin bud, at the base of the 

fin as well as at the apical ectodermal ridge (Fig. 1e, u). This expression domain is 

substantiated by the requirement for BMP signaling through the type I receptor, Alk8 

(homologous to mammalian ALK2), in pectoral fin development (Liu and Stainier, 2010). 

Additionally, strong EGFP expression is apparent in many cells in the median fin fold, 

particularly in the ventral region (Fig. 1e, v). These cells have a dendritic appearance similar 

to that described for neural crest-derived mesenchymal cells that give rise to fin rays, or 

lepidotrichia (Smith et al., 1994). Finally, several spinal cord neurons are EGFP-positive at 2 

dpf (Fig. 1w). Cell bodies are positioned approximately at the midline, midway along the 

dorsoventral axis of the spinal cord, and axons extend bidirectionally, parallel to the 

anterior/posterior axis. Pectoral fin, median finfold, and spinal neuron bre-driven EGFP 

expression domains persist until at least 4 dpf.

Temporal correlation between pSmad1/5/8 expression and bre-driven EGFP fluorescence

Because EGFP takes time to fold and fluoresce and is a stable protein (Corish and Tyler-

Smith, 1999), the temporal pattern of EGFP fluorescence in Tg(bre:egfp) embryos would 

not be expected to precisely reflect the temporal activity of pSmad1/5/8. To gauge the offset 

between pSmad1/5/8 activity and transgene expression, we assessed pSmad1/5/8 expression, 

egfp mRNA expression, and EGFP fluorescence in the dorsal retina, a relatively transient 

EGFP expression domain, between 10 and 38 hpf (Fig. S2). pSmad1/5/8 expression first 

appears in the dorsal retina at 12 hpf, egfp mRNA at 14 hpf, and EGFP fluorescence at 16 

hpf, demonstrating an approximately four hour delay between the appearance of pSmad1/5/8 

and EGFP fluorescence. A similar delay was seen in the trigeminal ganglia (Fig. S2) and 

heart (data not shown) and in other zebrafish transgenic studies (Jusuf and Harris, 2009). By 

28–30 hpf, pSmad1/5/8 and egfp mRNA are barely detectable in the dorsal retina, while 

EGFP fluorescence disappears between 36 and 38 hpf (Fig. S2). Thus, EGFP perdures in 

this domain for approximately eight-to-ten hours after pSmad1/5/8 is lost. While this 

perdurance is short compared to other published work demonstrating EGFP stability in vivo 
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on the order of a day or even weeks (Verkhusha et al., 2003), nearly all bre-driven EGFP 

expression domains are either dynamic or transient, suggesting that in these domains, EGFP 

is either less stable than previously described or that cell turnover is high.

bre:egfp transgene expression is responsive to changes in Smad1/5/8 phosphorylation

While EGFP expression in Tg(bre:egfp) embryos correlates well with known domains of 

BMP activity, we sought to further validate this model by manipulating phosphorylation of 

BMP-responsive Smads and assaying effects on EGFP expression. In shield stage 

Tg(bre:egfp) embryos, we can only faintly and variably detect EGFP via fluorescence or in 

situ hybridization, though pSmad1/5/8 is detectable by immunohistochemistry (Fig. 2a–c). 

However, injection of one- to two-cell embryos with 5 pg mRNA encoding a constitutively 

active form of the zebrafish BMP type I receptor, Alk1 (Alk1CA), induces EGFP expression 

at shield stage, as visualized by fluorescence and by in situ hybridization, correlating with a 

marked increase in nuclear-localized pSmad1/5/8 (Fig. 2d–f). In contrast, injection of up to 

100 pg mRNA encoding a constitutively active form of the zebrafish TGF-β type I receptor, 

Alk5 (Alk5CA), fails to induce bre:egfp transgene expression or phosphorylation of 

Smad1/5/8 (Fig. 2g–i), consistent with this receptor’s established propensity to 

phosphorylate Smad2/3.

To further confirm that bre:egfp transgene expression is dependent upon BMP signaling, we 

treated embryos at tailbud stage (10 hpf) with 10 μM dorsomorphin, a small molecule that 

inhibits BMP type I receptor-mediated Smad1/5/8 phosphorylation (Yu et al., 2008). 

Treatment at this time avoids dorsalization resulting from treatment prior to gastrulation, 

allowing us to assess transgene expression during organogenesis. Dorsomorphin treatment 

reduced EGFP expression in all domains at 1 dpf, most notably in the retina, hypothalamus, 

heart, pharyngeal arches, somites, and cloaca (Fig. 3e, f, i–r and Table 1), without greatly 

affecting general morphology (Fig. 3a, b). Furthermore, treatment with 10 μM DMH1, a 

more potent dorsomorphin analog that, unlike dorsomorphin, does not affect vascular 

endothelial growth factor receptor (VEGFR) activity (Hao et al., 2010), essentially 

eliminated EGFP expression in all domains (Fig. 3c, g), whereas treatment with 200 μM 

SB-431542, an Alk4/5/7 inhibitor, had no effect on EGFP expression (Fig. 3d, h). Taken 

together with alk1CA overexpression studies, these results demonstrate that the bre:egfp 

transgene is indeed specifically responsive to pSmad1/5/8, and not pSmad2/3.

bre:egfp transgene expression is decreased by knockdown of smad1 or smad5

To further analyze the dependence of bre-driven EGFP on smad1 and smad5 , we knocked 

down expression of each of these genes in zebrafish embryos using translation blocking 

morpholino-modified antisense oligonucleotides (morpholinos). Injection of 4 ng smad5 

morpholino severely dorsalized embryos [C4 phenotype (Mullins et al., 1996)], precluding 

later analysis (Fig. S3). Injection of 2 ng smad5 morpholino resulted in slight tail truncations 

but had little effect on EGFP expression in most domains at 1 dpf, with substantial decreases 

observed only in the somites and moderate to minimal decreases in dorsal retina and cloaca 

(Fig. S3 and Table 1). These results demonstrate that bre-driven EGFP expression in 

somites, retina, and cloaca is most sensitive to smad5 levels. However, since knockdown in 
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these experiments is incomplete, we cannot make strong conclusions regarding the role of 

smad5 in other bre-driven EGFP expression domains.

In contrast to the limited effect of smad5 knockdown on organ-specific bre-driven EGFP 

expression, smad1 knockdown dampened EGFP expression in many domains (Fig. 4, S4, 

and Table 1). Injection of 2 ng smad1 morpholino resulted in moderate to substantial 

decreases in transgene expression in the dorsal retina (Fig. 4e, f) and hypothalamus (Fig. 4h, 

i) at 1 dpf, and the stomodeum (Fig. 4k, l) and pectoral fin (Fig. 4n, o) at 2 dpf. These 

affected domains correlated well with the presence of smad1 transcripts (Fig. 4g, j, m, p). 

EGFP expression in smad1 morphants was also substantially decreased in the cloaca at 1 

dpf, and somites and median finfold at 2 dpf (Fig. S4 and Table 1). However, these 

expression domains did not correlate well with smad1 mRNA expression, likely due at least 

in part to EGFP perdurance (Fig. S2). Additional domains showing minimal decreases in 

EGFP fluorescence included the heart, pharyngeal arches, pineal gland, and somites at 1 dpf; 

and the pharyngeal arches at 2 dpf (Table 1). The inability of smad1 knockdown to 

completely abrogate EGFP expression in any domain suggests either incomplete knockdown 

or a partial redundancy with smad5, which is nearly ubiquitously expressed, and/or smad8, 

which is expressed in the majority of EGFP-positive domains (Thisse and Thisse, 2004). 

While it is possible that combined smad1/5 knockdown might severely decrease bre-driven 

EGFP expression in many domains, we could not test this possibility because severe 

developmental defects precluded analysis (data not shown).

Discussion

We have generated a stable transgenic zebrafish line, Tg(bre:egfp), which reports pSmad1/5-

mediated transcriptional activation in vivo. Support for this assertion includes a correlation 

between EGFP expression domains and published requirements for BMP signaling in 

development of these same cells or tissues; demonstrated sensitivity to modulation of BMP 

type I receptor activity; and demonstrated correlation with smad1 expression and sensitivity 

to smad1 knockdown. Because BMP signaling is negatively regulated at multiple levels – 

for example, dephosphorylation of receptors and Smads, I-Smad interference with type I 

receptor/Smad binding or R-Smad/Smad4 binding, and Smad binding to co-repressors – 

expression patterns of BMP receptors and Smads cannot accurately predict sites of BMP-

mediated transcriptional activity (Itoh and ten Dijke, 2007). Our Tg(bre:egfp) line 

overcomes this limitation inherent in the analysis of simple expression patterns by directly 

reporting pSmad1/5-mediated transcriptional activity, and can therefore be used as a tool to 

define cells that respond to BMP signals over the course of development. It should be noted 

that phosphorylated BMP R-Smad/Smad4 complexes can regulate gene expression 

independently of canonical Bre sites, either by binding directly to unrelated cis elements 

(Mandel et al., 2010) or by interacting with non-Smad transcription factors to mediate gene 

expression through their cognate cis elements (Zhao et al., 2003; Wang et al., 2007). 

However, the mouse Id1-derived BRE used to generate our transgenic reporter line is 

pSmad1/5-responsive in vitro and in vivo in many different cell types (Korchynskyi and ten 

Dijke, 2002; Monteiro et al., 2004; David et al., 2007a; Blank et al., 2008; Monteiro et al., 

2008) and is postulated to require no additional transcription factor binding partners for 

activity (Blank et al., 2008). Therefore, while EGFP expression in our Tg(bre:egfp) line may 
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not reflect endogenous binding and activation of “canonical” Bre sites, it should report the 

presence of all nuclear phosphorylated BMP R-Smad/Smad4 complexes, regardless of 

which cis-acting element is being activated within each domain in vivo.

Transgene expression in Tg(bre:egfp) embryos is observed primarily within domains with 

reported requirements for BMP signaling. For example, EGFP is expressed in the dorsal 

retina, the specification of which requires GDF6a (BMP-13)-mediated Smad1/5 

phosphorylation within retinal cells (French et al., 2009). And EGFP is expressed in the 

forming mouth opening or stomodeum, likely reflecting a requirement for BMP signaling in 

lip development, as has been previously demonstrated in mice (Liu et al., 2005). However, 

the role of BMP signaling in other EGFP-positive domains is less clear. For example, to our 

knowledge, a requirement for BMP-induced Smad1/5 activity in pineal gland development 

or function has not been reported, although this structure is known to express the Smad1/5-

responsive gene, id1 (Toyama et al., 2009), as well as bmp2a (Thisse and Thisse, 2004). 

Similarly, while we observe strong EGFP expression in putative osteogenic mesenchymal 

cells in the median finfold, we could find no reports of a requirement for BMP signaling 

specifically within these cells. Thus, we have defined two previously unidentified domains 

in which BMP signaling is active during zebrafish embryonic development. Given that 

Tg(bre:egfp)pt509 and Tg(bre:egfp)pt510 showed identical EGFP expression patterns, and that 

EGFP expression in nearly all domains was decreased by dorsomorphin treatment or smad1 

or smad5 morpholino injection and eliminated (at 1 dpf) by DMH1 treatment, it is highly 

unlikely that expression domains reflect insertional artifacts or expression via cryptic 

enhancers within our bre:egfp construct. The only domain that we cannot say with certainty 

is not artifactual is the 2 dpf spinal cord neurons, which was not affected by smad1 

morpholino but not assayed in drug or smad5 morpholino experiments.

While bre-driven EGFP expression was observed in many anticipated domains in our 

transgenic line, some structures were unexpectedly negative, despite convincing evidence in 

the literature for a role for BMP signaling in specification and/or function. For example, 

while smad5 is clearly required for gastrulation (Hild et al., 1999; Kramer et al., 2002) and 

pSmad1/5/8 is detectable ventrally in shield stage embryos, bre-driven EGFP expression 

was undetectable in this domain. Also, while the BMP type I receptor, Alk1, is expressed 

exclusively in particular arteries in zebrafish embryos and loss of function results in 

enlarged vessels and arteriovenous malformations (Roman et al., 2002), we could not detect 

EGFP expression in alk1-positive vessels (data not shown). Finally, BMP signaling during 

somitogenesis promotes pronephric cell fates and inhibits blood and vascular differentiation 

(Gupta et al., 2006), but we could not detect EGFP expression in the posterior lateral or 

intermediate mesoderm or their derivatives (data not shown). These examples highlight the 

limitations of this transgenic reporter approach. The lack of detection of EGFP in the ventral 

region of shield stage embryos is likely due to the fact that temporal transgene expression 

patterns do not precisely reflect endogenous BMP activity due to delayed EGFP 

fluorescence (Fig. S2). In domains in which the effectors of BMP signaling are less clear, 

the reasons for the lack of EGFP expression could be manifold. Because the BRE used to 

drive transgene expression may not efficiently report pSmad8/Smad4-mediated gene 

expression (Monteiro et al., 2004), it is possible that Smad8 is the major effector in 
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unexpectedly negative domains. Alternatively, these cells may engage non-traditional Smad 

pathways downstream of receptor activation. For example, TGF-β binding to a non-

canonical receptor complex containing both Smad1/5-specific and Smad2/3-specific type I 

receptors can generate mixed pSmad1/pSmad2 complexes (Daly et al., 2008); BMP9, acting 

through Alk1, can activate Smad2 phosphorylation (Upton et al., 2009); and ligand-induced 

R-Smad activation can enhance microRNA processing in a Smad4-independent, post-

transcriptional manner (Davis et al., 2008). None of these pathways results in BRE 

activation. Another possible explanation for the lack of EGFP expression in established 

BMP activity domains is that Smad-independent pathways might relay signals downstream 

of BMP type I receptors. For example, in endothelial cells, Alk1 may signal at least in part 

through MAP kinases (Jadrich et al., 2006; David et al., 2007b). Finally, as BMP signaling 

can both activate and repress transcription, it is possible that co-repressors present within 

these unexpectedly negative domains prevent pSmad1/5-mediated bre:egfp transactivation. 

For example, a pSmad1/5-responsive element derived from the Xenopus laevis Vent2 

promoter can mediate heterologous gene activation or repression, depending on the presence 

of trans-acting co-activators or co-repressors (Yao et al., 2006). However, other reports 

suggest that pSmad-mediated transcriptional repression occurs in a non-BRE-dependent 

manner (Liu et al., 2001; Kang et al., 2005), which could not account for the lack of bre-

driven EGFP expression in anticipated domains.

In summary, we have generated and validated a transgenic zebrafish line that reports 

pSmad1/5-mediated transcriptional activation. Using genetic approaches, this BMP reporter 

line can be used to define ligand, receptor, and Smad requirements within individual BMP 

signaling domains, as we demonstrated using smad1 morpholinos. Furthermore, these fish 

can be used to screen for small molecule modulators of BMP signaling, as we demonstrated 

using dorsomorphin and DMH1, or to screen for genetic modulators of BMP signaling. 

Besides the obvious advantages of screening for BMP inhibitors in an intact animal model, 

the Tg(bre:egfp) line affords the possibility of uncovering novel drugs with particular BMP 

ligand or BMP receptor specificity – based on effects within select expression domains – in 

a single, high content assay. These drugs could prove useful in targeting specific disorders 

of BMP signaling.

Experimental Procedures

Zebrafish maintenance

Adult zebrafish (Danio rerio) were maintained according to standard procedures 

(Westerfield, 1995). Embryos were raised and staged as described (Kimmel et al., 1995; 

Westerfield, 1995). For imaging beyond 24 hpf, embryo medium was supplemented with 

0.003% phenylthiourea (Sigma) at 24 hpf to prevent melanin formation (Westerfield, 1995).

Generation of Tg(bre:egfp)

Multisite Gateway cloning (Invitrogen) was used to generate a bre:egfp construct. The BRE 

is a synthetic palindromic sequence derived from fusing distinct regions of the mouse Id1 

promoter (Korchynskyi and ten Dijke, 2002) and is as follows: 5′-

CTAGCTCAGACCGTTAGACGCCAGGACGGGCTGTCAGGCTGGCGCCGCGGCGCC
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AGCCTGACAGCCCGTCCTGGCGTCTAACGGTCTGAGCTAG-3′. The Bre was 

released from BRE:luc (Korchynskyi and ten Dijke, 2002) by NheI digest; ends were filled 

in using Klenow; and the blunt product was ligated into the SnaBI site in the 5′ entry clone, 

p5E-basprom, just upstream of a minimal adenovirus e1b promoter and carp β-actin start 

site (Scheer and Campos-Ortega, 1999; Villefranc et al., 2007). This clone was then 

recombined with pME-egfp , p3E-pA, and pdesttol2pA2 from the Tol2 kit (Kwan et al., 

2007) via standard Multisite Gateway procedures (Invitrogen). Twenty-five pg of the 

resulting clone, ptol2-bre:egfp, was injected into one-cell stage embryos along with 25 pg 

transposase mRNA to effect transposon-mediated transgenesis (Kawakami et al., 2004). 

Embryos were sorted for EGFP expression and raised to adulthood. Founders were 

identified by incrossing followed by outcrossing to Tg(fli1ep:dsRedEx)um13, which 

expresses dsRed specifically in endothelial cells (Villefranc et al., 2007; Covassin et al., 

2009). Thirteen Tg(bre:egfp) founders were identified, and two F1 lines (pt509, pt510) were 

established from two independent founders.

Imaging

For confocal microscopy, embryos were anesthetized using 0.016% Tricaine (Sigma), 

mounted in 500 μm troughs in a 2% agarose bed, and Z-series of frame-averaged optical 

sections were generated using a FluoView500 or FluoView1000 laser scanning confocal 

microscope (Olympus) outfitted with a 40x water immersion objective. Two-dimensional 

projections were generated using ImageJ version 1.43 (NIH). For imaging of transgene 

expression in the heart, Tg(bre:egfp)pt510 fish were crossed to Tg(-5.1myl7:nDsRed2)f2 fish, 

which express nuclear-localized DsRed in myocardial cells. Low power brightfield and 

fluorescent images were captured using an MVX-10 MacroView macro zoom fluorescence 

microscope equipped with a DP71 camera (Olympus). Images were compiled using Adobe 

Photoshop CS2 9.0.2.

mRNA synthesis, morpholinos, and drug treatment

pCS2+ constructs containing constitutively active zebrafish alk1 and alk5 (Roman et al., 

2002; Park et al., 2008) were used to synthesize capped sense mRNA using SP6 polymerase 

(mMessage mMachine, Ambion). mRNA was injected into one- to two-cell stage zebrafish 

embryos, and translation was confirmed by detection of C-terminal myc tags via 

immunohistochemistry (data not shown). Morpholinos targeting the translation start site of 

smad1 and smad5 (GeneTools) were as follows: smad1, 5-

AGGAAAAGAGTGAGGTGACATTCAT-3′; smad5, 5′-

ACATGGAGGTCATAGTGCTGGGCTG-3′. Morpholino sequences were identical to those 

used in published work (McReynolds et al., 2007), and each morpholino produced expected 

phenotypes of dorsalization (4 ng smad5 morpholino) and brain necrosis and yolk extension 

defects (2 ng smad1 morpholino) (Hild et al., 1999; McReynolds et al., 2007). The standard 

control morpholino (GeneTools) was: 5′-CCTCTTACCTCAGTTACAATTTATA-3′. To 

inhibit type I receptor-mediated Smad phosphorylation, embryos were dechorionated and 

exposed to 0.5% DMSO (vehicle control), 10 μM dorsomorphin (BMP type I receptor 

inhibitor; Calbiochem), 10 μM DMH1 (BMP type I receptor inhibitor; gift of Dr. Charles 

Hong, Vanderbilt University), or 200 μM SB-431542 (TGF-β type I receptor inhibitor; 

Tocris) beginning at 10 hpf. Exposure to 10 μM dorsomorphin or 5 μM DMH1 beginning at 
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the one-cell stage resulted in severe dorsalization (Yu et al., 2008), whereas 100 μM 

SB-431542 resulted in cyclopia (Park et al., 2008), demonstrating that these drugs work as 

expected in our hands.

In situ hybridization and immunohistochemistry

PCR-amplified fragments of smad1 and egfp were inserted into pCRII-TOPO (Invitrogen) 

and plasmids used to generate digoxigenin-labeled antisense riboprobes (DIG RNA 

Labeling Kit, Roche). In situ hybridization was performed as previously described 

(Hauptmann and Gerster, 1994). Whole mount immunohistochemistry was performed as 

previously described (Anderson et al., 2008) except blocking solution was 10% fetal bovine 

serum/1% DMSO/0.1% tween in PBS. Rabbit anti-phospho-Smad1/5/8 (Cell Signaling 

Technology, #9511) was used at 1:100, and goat-anti-rabbit Alexa Fluor 488 (Invitrogen) at 

1:500.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Developmental profile of pSmad1/5/8-mediated transcriptional activity in 
Tg(bre:egfp)pt510 embryos
In all images, green represents bre-driven EGFP expression. Magenta represents endothelial 

expression of Tg(fli1ep:dsRedEx)um13 or myocardial expression of Tg(-5.1myl7:nDsRed2)f2, 

as noted below. (g–r, h′, h″, l′″) show fluorescence/transmission overlays. (a-f) Macro 

images. (a) 6 somites. Arrows point to tailbud. (b) 12 somites. Arrow points to myeloid 

progenitors. (c) 18 somites. Asterisks denote eyes; arrows point to myeloid cells. (d–f) 
Embryos at 1 (d), 2 (e), and 4 (f) dpf. Lettered arrows denote expression domains 
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highlighted in correspondingly lettered panels below. (g–w) 2D projections of confocal Z-

series, except h′, h″, i″, and l″, which represent single optical sections extracted from the 

corresponding Z-series. Magnification = 400×. (g–g″) Heart at 1 dpf. Asterisk denotes eye. g

′ and g″ are matched substacks showing EGFP/fli1ep:dsRedEx (overlay) and 

fli1ep:dsRedEx expression, respectively. Arrows denote endocardium. (h–h″) Heart at 2 dpf. 

h′ and h″ are matched optical sections of EGFP/ fli1ep:dsRedEx/-5.1myl7:nDsRed2 

(overlay) and fli1ep:dsRedEx/-5.1myl7:nDsRed2. Arrows denote endocardium; arrowheads 

denote myocardium. (i–i″) Heart at 4 dpf. i′ and i″ show overlays of EGFP with 

fli1ep:dsRedEx, 2D projection and single optical section, respectively. (j–j′) Pharyngeal 

arches, 1 dpf. Asterisk denotes eye. (k–k′) Pharyngeal arches, 2 dpf. (l–l′″) Pharyngeal 

arches, 4 dpf. l′ and l″ show overlays of EGFP with fli1ep:dsRedEx, 2D projection and 

single optical section, respectively. l′″ shows substack of image shown in l. (m–m″) Dorsal 

retina (m′) and trigeminal ganglion (m″), 1 dpf. (n) Pineal gland, 1 dpf. (o) Hypothalamus, 1 

dpf. (p, p′) Ventral mesenchyme and cloaca (arrow), 2 dpf. (q, q′) Cloaca, 4 dpf. Arrows 

delineate cloacal opening. (r, r′) Somites, 1 dpf. (s) Stomodeum, 2 dpf. Asterisk indicates 

presumptive mouth opening. Arrows indicate maxillary process; arrowhead, mandibular 

process. (t) Stomodeum, 4 dpf. Asterisk indicates open mouth; arrows indicate maxillary 

process; arrowhead, mandibular process. (u) Pectoral fin bud, 2 dpf. (v) Mesenchymal cells 

of the median finfold (arrows), 2 dpf. (w) Spinal cord neurons (arrows), 2 dpf. Spinal cord is 

bracketed. (a) Dorsoposterior view, posterior down. (b, d–g, j, k, m, p–r, u–w) Lateral 

view, anterior left, dorsal up. (c) Dorsal view, anterior left. (h, i, l) Ventral view, anterior 

left, left up. (n) Dorsal view, left to the right. (o) Frontal view, left to the right. (s, t) Frontal 

view, left up. Abbreviations: a = atrium; v = ventricle; y = yolk.
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Figure 2. Expression of the bre:egfp transgene is responsive to changes in BMP type I signaling
Embryos were left uninjected (a–c) or injected with 5 pg alk1CA mRNA (d–f) or 100 pg 

alk5CA mRNA (g–i) at the one- to two-cell stage and assayed at shield stage (6 hpf). (a, d, g) 

Expression of bre-driven EGFP fluorescence in live embryos. (b, e, h) Expression of bre-

driven egfp mRNA assayed by in situ hybridization. (c, f, i) Expression of pSmad1/5/8 

assayed by immunofluorescence. Inset in f is pSmad1/5/8 (green)/DAPI (magenta) merge. 

Lateral views, animal pole up, dorsal right. Original magnification 80× except insert, 200×.
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Figure 3. Expression of the bre:egfp transgene is globally downregulated by small molecule 
inhibition of BMP type I receptor-mediated Smad phosphorylation
Embryos were treated with either 0.5% DMSO (a, e, i, k, m, o, q); 10 μM dorsomorphin 

(DM) (b, f, j, l, n, p, r); 10 μM DMH1 (c, g), or 200 μM SB-431542 (SB) (d, h) between 10 

and 24 hpf and imaged shortly after washout. In all images, green indicates bre-driven 

EGFP expression. Brightfield (a–d) and fluorescent (e–h) images, lateral view, anterior left, 

80x magnification. (i–r) 2D projections of confocal Z-series showing EGFP and 

transmission overlays, 400× magnification. Expression domains shown include (i, j) retina; 
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(k, l) hypothalamus (arrow); (m, n) heart (asterisk) and pharyngeal arches (arrow); (o, p) 
somites; and (q, r) cloaca (arrow). (i, j, m–p) Lateral view, anterior left. (k, l) Frontal view, 

left is right. (q, r) Ventral view, anterior left.
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Figure 4. smad1 knockdown downregulates bre:egfp transgene expression in smad1-expressing 
domains
Embryos were injected with 2 ng standard control morpholino (a, c, e, h, k, n) or 2 ng 

smad1 morpholino (b, d, f, i, l, o) at the one- to two-cell stage. In all images, green indicates 

bre-driven EGFP expression. Brightfield (a, b) and fluorescent (c, d) images, lateral view, 

anterior left, 80× magnification. Note defects in yolk extension (arrow) in control embryo 

(a) versus smad1 morphant (b). (e, f, h, i, k, l, n, o) 2D projections of confocal Z-series 

showing EGFP and transmission overlays, 400× magnification. (g, j, m, p) Expression of 
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smad1 mRNA assayed by in situ hybridization. Expression domains shown include (e–g) 
dorsal retina (brackets), 1 dpf; (h–j) hypothalamus (arrow), 1 dpf; (k–m) stomodeum 

(arrows), 2 dpf; and (n–p) pectoral fin (arrows), 2 dpf. (a–g, n, o) Lateral view, anterior left. 

(h–j) Frontal view, left is right. (k–m) Ventral view, anterior up. (p) Dorsal view, anterior 

left.
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Table 1

Sensitivity of bre:egfp expression to manipulation of Smad1/5 activity and expression

Expression domains Dorsomorphin, 10
μM, 1 dpf

Smad5 MO, 2
ng, 1 dpf

Smad1 MO, 2
ng, 1 dpf

Smad1 MO, 2
ng, 2 dpf

Cloaca ++
(26%)

−/−
(81%)

++
(63%)

NA

Heart +
(76%)

−
(96%)

−/−
(86%)

−
(99%)

Hypothalamus ++ (20%) −
(101%)

+
(74%)

NA

Median finfold NA NA NA ++
(62%)

Pectoral fin NA NA NA ++
(64%)

Pharyngeal arches −/−
(82%)

−
(96%)

−/−
(76%)

−/−
(83%)

Pineal gland −/−
(81%)

−
(95%)

−/−
(86%)

NA

Retina ++
(52%)

+
(75%)

++
(47%)

NA

Somites/tailbud −/−
(82%)

++
(60%)

−/−
(82%)

++
(58%)

Spinal cord neurons NA NA NA −
(111%)

Stomodeum NA NA NA ++
(42%)

Trigeminal ganglia NA NA NA −
(99%)

a
EGFP expression in individual embryos was subjectively scored by two independent observers as strong (3), moderate (2), weak (1) or not 

expressed (0), and scores averaged within control (0.5% DMSO for comparison to 10 μM dorsomorphin; 2 ng standard control morpholino for 
comparison to 2 ng smad1 and smad5 morpholinos) and experimental groups. Average scores for experimental groups are expressed as percent of 
control. Sensitivity to treatment was gauged as substantial (++, < 65% of control), moderate (+, 65–80% of control), minimal (−/−, 80–90% of 
control) or unaffected (−, > 90% of control). n = 24 per group for dorsomorphin treatment; 17 per group for smad5 morpholino at 1 dpf; 27 per 
group for smad1 morpholino at 1 dpf; and 24 per group for smad1 MO at 2 dpf. Results are qualitatively reflective of 3–5 additional independent 
experiments. NA = not assessed.
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