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Abstract: Crosstalk of signaling pathways plays crucial roles in cell fate determination, cell 

differentiation and proliferation. Both BMP-4/Smad-1 and FGF/Xbra signaling induce the 

expression of PV.1, leading to neural inhibition. However, BMP-4/Smad-1 and FGF/Xbra 

signaling crosstalk in the regulation of PV.1 transcription is still largely unknown. In this study, 

Smad-1 and Xbra physically interacted and regulated the PV.1 transcriptional activation in a 

synergistic manner. Xbra and Smad-1 directly bound within the proximal region of the PV.1 

promoter and cooperatively enhanced the binding of an interacting partner within the promoter. 

Maximum cooperation was achieved in the presence of intact DNA binding sites of both Smad-1 

and Xbra. Collectively, BMP-4/Smad-1 and FGF/Xbra signal crosstalk was required to activate 

the PV.1 transcription, synergistically. Suggesting that crosstalk of BMP-4 and FGF signaling 

facilitates the fine-tuning regulation of PV.1 transcription to inhibit neurogenesis during 

embryonic development of Xenopus. 
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Summary statement 

FGF/Xbra positively regulates the PV.1 expression in the Xenopus via an unknown mechanism. Our 
study shows that both BMP-4/Smad-1 and FGF/Xbra exhibits a signaling crosstalk to regulate PV.1 
transcription activation, promoting to ectoderm and mesoderm formation and inhibiting the early 
neurogenesis in Xenopus.  
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Introduction: Bone morphogenetic protein-4 (BMP-4) signaling is actively involved in the 

germ-layer specification, dorsoventral axis formation, ventral mesodermal induction, neural 

inhibition, and cell differentiation in Xenopus (Hemmati-Brivanlou and Thomsen, 1995; Dale 

and Wardle, 1999). Blocking of BMP-4 signaling is facilitated by organizer-specific secreted 

BMP antagonists, including Chordin (Sasai et al., 1995; Piccolo et al., 1996), Noggin 

(Zimmerman et al., 1996), Follistatin (Fainsod et al., 1997), Cerberus (Bouwmeester et al., 1996) 

etc. Our previous study demonstrated that BMP-4/Smad-1 directly binds within endogenous 

PV.1 promoter region and induces the expression of PV.1, leading to the ventral mesodermal 

formation (Ault et al., 1996; Lee et al., 2011). Moreover, the C-terminal domain of PV.1 leads 

the inhibition of dorsal fate determination and neural inhibition (Hawley et al., 1995; Hwang et 

al., 2002; Hwang et al., 2003). Recent studies observed that FGF signaling plays a dual role to 

regulate the BMP-4/Smad-1 signaling (Pera et al., 2003; Yoon et al., 2014b). FGF signaling 

inhibits BMP-4/Smad-1 signaling through inhibiting the Smad-1 activity in an MAPK-dependent 

manner (Pera et al., 2003). However, FGF alone is not sufficient to induce neurogenesis in 

Xenopus embryos (Pera et al., 2003). Later on, a study showed that FGF signaling positively 

regulates expression of PV.1 (A transcriptional factor of BMP-4 signaling) in a Xbra-dependent 

manner, causing to neural inhibition (Yoon et al., 2014b). The involvement of BMP-4/Smad-1 

and FGF-Xbra signaling may facilitate a signaling crosstalk in the regulation of PV.1 expression 

during embryonic development of Xenopus. (Lee et al., 2011; Yoon et al., 2014b). However, the 

detailed molecular mechanism of BMP-4/Smad-1 and FGF/Xbra-mediated signaling crosstalk in 

the regulation of PV.1 transcription is largely unknown.  

PV.1 is one of the homeobox-containing Xvent family members (Ault et al., 1996). Xvent family 

is divided into two subfamilies (Xvent-1 and Xvent-2 subfamilies) on account of amino acids 
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differences. Xvent-1 subfamily; PV.1, Xvent-1, Xvent-1B, and PV.1A (Gawantka et al., 1995; 

Ault et al., 1996; Rastegar et al., 1999) while Xvent-2 subfamily; Xvent-2, Xbr-1b, Xom, Vax 

and Xvent-2B (Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; 

Schmidt et al., 1996; Rastegar et al., 1999). PV.1 is a direct target of BMP-4/Smad-1 signaling 

and vitally implicated in ectoderm and ventral mesodermal formation. The proximal promoter 

region of PV.1 contains various cis-acting response elements for transcriptional activation of 

BMP-4 downstream targets, including Xvent-2, Oaz, and Smad-1 (Lee et al., 2011). Moreover, 

PV.1 negatively regulates expression of neurogenesis-promoting genes, including Chordin, Zic3, 

FoxD5b, Ngnr, and N-CAM (Melby et al., 1999; Trindade et al., 1999; Lee et al., 2002; Yoon et 

al., 2014b). However, the detailed molecular mechanism of PV.1-mediated inhibition of early 

neurogenesis is still awaited to delineate.  

FGF/Xbra signaling is well-known to promote mesoderm formation, cell fate determination, and 

anterior-posterior (A-P) patterning of neural tissue. FGF signaling causes the mesoderm 

formation through the activation of the autocatalytic loop (FGF/Ras/Xbra/AP-1) in Xenopus 

embryos (Kim et al., 1998; Gamse and Sive, 2000; Weisinger et al., 2008). Xbra is one of the 

well-known members of a T-box gene family that acts as a transcriptional activator through its 

C-terminal domain. Ectopic expression of Xbra facilitates posterior mesoderm and notochord 

formation during vertebrate development (Saka et al., 2000). Moreover, Xbra also stimulates 

ventral and lateral mesoderm formation in animal cap explants. A study documented that C-

terminus truncated mutant of Xbra can trigger the early neurogenesis without showing Xbra-

mediated mesodermal activity in ectodermal animal cap explants, causing the anterior neural 

formation (Rao, 1994). Recent studies have been documented that T-box transcriptional activator 

proteins bind to a consensus sequences (A/G)(A/T)(A/T)NTN(A/G)CAC(C/T)T within promoter 
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region of its targeted genes, promoting to transcription activation of targeted genes (Conlon et 

al., 2001; Kusch et al., 2002). Our previous study addressed that FGF signaling promotes PV.1 

expression, causing to neural inhibition while dominant-negative Xbra (DN-Xbra) can trigger 

early neurogenesis in ectoderm through inhibiting the PV.1 expression (Yoon et al., 2014b). This 

study suggests that FGF signaling induces the PV.1 expression in a Xbra-dependent manner. 

Moreover, Xbra may regulate the transcriptional activation of PV.1. However, the detailed 

mechanism of Xbra-mediated transcriptional activation of PV.1 expression is not completely 

understood.  

A previous study reported that C-terminal phosphorylated Smad-1 physically interacts with N-

terminal of Xbra during early Xenopus development (Messenger et al., 2005). However, the 

regulatory function of Xbra-Smad-1 interaction is still uncovered. Our present study 

demonstrated that Xbra directly bound on Xbra response elements, ATCACACTT (XbRE, 

within -70bp~-62bp) and positively induced the PV.1 transcription. Results showed that Xbra 

and Smad-1 cooperated synergistically to regulate the PV.1 transcription during Xenopus 

development. Moreover, ChIP assay indicated that Smad-1 and Xbra directly bound to their 

respective consensus sequences within the proximal region of the endogenous PV.1 promoter 

and enhanced the binding of their respective interacting partners to the promoter region. 

Additionally, we observed that Xbra and Smad-1 interaction showed target specificity in the 

Vent family because Xbra and Smad-1 were not able to induce Xvent2 expression, 

synergistically. Taken together, evidence concluded that FGF/Xbra and BMP-4/Smad-1 

signaling positively involves in transcriptional activation of PV.1 and cooperates synergistically 

to induce the PV.1 expression, leading to dorsoventral patterning and ventral mesodermal 

formation. Moreover, BMP-4/Smad-1 and FGF/Xbra signaling demonstrate a crosstalk in the 
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inhibition early neurogenesis and PV.1 transcriptional activation during early Xenopus 

development. 

Results: 

1. Xbra negatively regulates the neurogenesis in early Xenopus development. 

Our previous study demonstrated that FGF/Xbra induces expression of BMP downstream target 

gene, PV.1 which negatively regulates early neurogenesis in ectoderm in Xenopus (Yoon et al., 

2014b). Thus, we asked whether Xbra induces PV.1 expression in BMP-4 inhibition condition, 

causing to neural inhibition. RT-PCR results showed that co-injection of Xbra with DNBR 

induced expression of PV.1 and suppressed the expression of the early neural gene, FoxD5a, at 

early gastrula stage (Figure 1A). The result suggested that Xbra positively regulated the PV.1 

expression in BMP inhibition condition to inhibit the neurogenesis. Moreover, Xbra co-injection 

strongly inhibited the expression of late neural genes, including N-CAM, Ngnr, and Otx20 which 

were highly expressed by DNBR alone at tailbud stage (Figure 1B). These results suggested that 

Xbra induced PV.1 expression in BMP-4 inhibited condition and negatively regulated the early 

neurogenesis during embryonic development of Xenopus. This finding supports to our previous 

study that FGF/Xbra-mediated induction of PV.1 negatively regulates the early neurogenesis in 

Xenopus embryos (Yoon et al., 2014b). 

2. Inhibition of neurogenesis by Xbra is mediated through PV.1. 

Our previous study documented that BMP-4/Smad-1 directly binds to the endogenous promoter 

of PV.1 and induces PV.1 expression during Xenopus development (Lee et al., 2011). Our recent 

study showed that FGF/Xbra induces PV.1 expression and negatively regulates the early 

neurogenesis (Yoon et al., 2014b). However, it is still questionable whether Xbra-mediated 

inhibition of neurogenesis was dependent on PV.1. We co-injected PV.1 MOs with Xbra and 
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DNBR to perform RT-PCR at early gastrula and tail-bud stage. Knockdown of PV.1 by PV.1 

MOs strongly augmented and recovered the expression of early and late neural genes, including 

FoxD5a, N-CAM, Ngnr, and Otx2 which were reduced by Xbra. PV.1 MOs specifically reduced 

PV.1 expression in both condition absence and presence of Xbra (Figure 2A and 2B). These 

results showed that Xbra facilitated the inhibition of neurogenesis in a PV.1-dependent manner. 

Taken together, the results suggested that 5’-flanking region of PV.1 may probably contain the 

Xbra response elements (XbRE) within the PV.1 promoter region. Moreover, it also suggested 

that PV.1 is a key molecule which made a bridge and established a signaling crosstalk between 

BMP-4/Smad-1 and FGF/Xbra to inhibit the early neurogenesis in Xenopus embryos. 

3. Xbra response element (XbRE) is identified in the PV.1 promoter.  

5’-flanking region of PV.1 contains various cis-acting response elements, including Xvent-2, 

Oaz and Smads and triggers the PV.1 transcriptional activation for regulating BMP-4 signaling 

(Lee et al., 2011). Our above findings suggested that PV.1 promoter region may contain putative 

cis-acting XbRE. To evaluate the presence of cis-acting XbRE within PV.1 promoter region, we 

injected PV.1 (-2525) promoter reporter construct with or without DN-Xbra, and Xbra, 

separately. The results showed that DN-Xbra decreased the relative promoter activity of PV.1 (-

2525) up to 2.5-fold while Xbra mRNA increased the relative promoter activity of PV.1 (-2525) 

up to 3.5-fold as compared to PV.1 (-2525) alone (Figure 3A and 3B). Results evidenced that 

Xbra positively regulated PV.1 transcription activation. Moreover, PV.1 promoter region 

contained putative cis-acting XbRE. Therefore, we generated different serially deleted PV.1 

promoter constructs to map out the cis-acting XbRE within PV.1 promoter region (Figure 3C). 

We co-injected different serially deleted PV.1 promoter constructs with and without Xbra 

mRNA. Results showed that Xbra increased the relative promoter activity of serially deleted 
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PV.1 promoter constructs up to 1.5-4.0-fold as compared to PV.1 promoter constructs alone, 

separately (Figure 3D). These findings strongly suggested that PV.1 (-103) promoter construct 

contained cis-acting XbRE to trigger PV.1 transcription. We further tested PV.1 (-103) promoter 

construct with and without Xbra mRNA in a dose-dependent manner to follow the relative 

promoter activity of PV.1. The result showed that Xbra increased the relative promoter activity 

of PV.1 (-103) up to 1.5-3.0-fold in a dose-dependent manner (Figure 3E). These results strongly 

provide evidence that PV.1 (-103) promoter construct contained cis-acting XbRE and induced 

the PV.1 transcription. 

Previous studies have been addressed the putative T-box transcription factors binding consensus 

sequences NTN(A/G)CAC(C/T)T within the promoter region of targeted genes (Conlon et al., 

2001; Kusch et al., 2002). Thus, we mapped out PV.1 (-103) promoter nucleotide sequence and 

found putative Xbra binding consensus sequences, ATCACACTT (XbRE, within -70bp~-62bp) 

upstream of putative transcription initiation site of PV.1. Thus, we mutated one nucleotide 

(ATCACACTT-ATCACGCTT) within putative XbRE containing PV.1 (-103 and -180) promoter 

constructs at -65bp (Figure 3F). PV.1 (-103) and mutated PV.1 (-103)mXbRE promoter 

constructs were tested with and without Xbra and measured the relative promoter activity with 

and without Xbra. Notably, Xbra-mediated transcriptional activation of PV.1 was abolished in 

PV.1 (-103)mXbRE as compared to PV.1 (-103) (Figure 3G). This finding firmly evidenced that 

PV.1 promoter constructs encompassed cis-acting XbRE within the proximal (-70bp~-62bp) 

region of the PV.1 promoter. We further asked whether Xbra directly binds within the promoter 

region of PV.1 to activate the PV.1 transcription. ChIP assay showed that Xbra directly bound 

within the proximal region of the endogenous PV.1 promoter (Figure 3H and I). These findings 
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collectively concluded that PV.1 was one of the direct targets of Xbra. In addition, PV.1 required 

direct binding of Xbra within proximal promoter region for triggering its transcription activation.  

4. Xbra and Smad-1 synergistically regulate the PV.1 transcription. 

Previously, a study demonstrated that Smad-1 is a co-transcriptional activator of BMP signaling 

and directly binds with cis-acting BMP-4 response elements (BRE; CAGACT, -180bp to -162bp) 

within upstream region of putative transcriptional initiation site of PV.1 (Lee et al., 2011). 

Moreover, another study has been documented that phosphorylated C-terminal domain of Smad-

1 physically interacts with the N-terminal domain of Xbra. Furthermore, this study suggested 

that Smad-1-Xbra interaction may induce the expression of ventral genes (Messenger et al., 

2005). It has been evidenced that Xbra and Smad-1 both positively regulated the PV.1 expression 

and their cis-acting elements existed in close vicinity within the proximal region of the PV.1 

promoter. However, the regulatory function of Smad-1-Xbra interaction and existence of their 

response elements in close vicinity is still unknown.  

Thus, we further postulated that whether Xbra and Smad-1 may cooperate synergistically to 

activate PV.1 transcription during embryonic development of Xenopus. PV.1 (-103) promoter 

construct co-injected with both Xbra, and Smad-1 to measure relative promoter activity of PV.1. 

Results showed that concomitant overexpression of Smad-1 and Xbra increased up to 3.5-fold 

relative promoter activity of PV.1 (-103) while Xbra alone increased only 1.5-fold relative 

promoter activity of PV.1 (-103) as compared to PV.1 (-103) alone (Figure 4A). The result 

indicated that Smad-1 cooperated synergistically with Xbra to activate PV.1 transcription 

without binding to its cis-acting element because PV.1 (-103) promoter construct did not include 

the cis-acting element for Smad-1 (BRE). We then asked how much fold Xbra increases relative 

promoter activity of PV.1 in a synergistic manner with Smad-1 when PV.1 promoter included 

both consensus cis-acting BRE and XbRE. We co-injected PV.1 (-180) promoter construct, 
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which contained both consensus cis-acting elements BRE and XbRE, with Xbra and Smad-1, 

either in combination or separately. The results showed that concomitant overexpression of 

Smad-1 and Xbra robustly increased relative promoter activity of PV.1 (-180) up to 15-fold 

while Xbra co-injection increased 2.5-fold relative promoter activity of PV.1 (-180) while Smad-

1 increased 3.5-fold promoter activity PV.1 (-180) as compared to PV.1 (-180) alone (Figure 

4B). The results strongly indicated that both Smad-1 and Xbra cooperated synergistically to 

activate the PV.1 transcription. Moreover, these results collectively suggested that Smad-1 and 

Xbra-mediated synergistic activation of PV.1 transcription established a signaling crosstalk 

between FGF/Xbra and BMP-4/Smad-1 signaling. To evaluate the Xbra and Smad-1-mediated 

synergistic regulation of PV.1 transcription, we injected PV.1 (-103) and mutated PV.1 (-

103)mXbRE promoter constructs with both Xbra and Smad-1, in combination and separately. 

This result showed that Xbra and Smad-1-mediated synergistic stimulation of PV.1 (-103) 

promoter construct was completely abolished with PV.1 (-103)mXbRE (Figure 4C, bar 4-6) as 

compared to PV.1 (-103)-Xbra (Figure 4C, bar 2). The result indicated that XbRE played a 

significant role in a Xbra-mediated regulation of PV.1 transcriptional activation. Moreover, 

XbRE actively participated in the BMP-4/Smad-1 and FGF/Xbra-mediated signaling crosstalk to 

regulate the synergistic activation of PV.1 transcription. 

Concomitant overexpression of Xbra and Smad-1 increased the relative promoter activity of 

PV.1 (-103 and -180) up to 3.5-fold and 15-fold as compared to PV.1 (-103) and PV.1 (-180) 

alone, respectively (Figure 4A and 4B, bar 4). We thus postulated that whether both cis-acting 

elements of BMP-4/Smad-1 response element (BRE) and FGF/Xbra response element (XbRE) 

actively participate in synergistic activation of PV.1 transcription.  
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To compare the contribution of each response element (BRE or XbRE) in synergistic activation 

of PV.1 transcription, we mutated BRE and XbRE within different PV.1 (-180) promoter 

constructs, separately and generated PV.1 (-180)mXbRE and PV.1 (-180)mBRE promoter 

constructs. The PV.1 (-180)mXbRE promoter construct was co-injected with and without Smad-

1, and Xbra, in combination or separately. As expected, the result showed that Xbra-mediated 

stimulation was completely abolished (Figure 4D, 2nd bar) and Smad-1 mediated stimulation 

was sustained with a 3.5-fold increase in the presence of Smad-1 (Figure 4D, 3rd bar). 

Interestingly, site-directed mutagenesis of XbRE within PV.1 (-180) promoter construct, PV.1 (-

180)mXbRE, still contained synergistic activation when Xbra was co-injected with Smad-1 

(Figure 4D, 4th bar). Although, Xbra and Smad-1-mediated relative promoter activity of PV.1 (-

180)mXbRE was decreased up to 8-fold compared to 15-fold which increased by Xbra and 

Smad-1 co-injected embryos with wild-type of PV.1 (-180) promoter construct (Figure 4B, 4th 

bar). The result indicated that XbRE played a significant role in synergistic activation of PV.1 

transcription with Smad-1 and Xbra. To delineate the role of BRE in Smad-1 and Xbra-mediated 

synergistic activation of PV.1 transcription, we examined BRE mutated PV.1 promoter (PV.1 (-

180)mBRE with and without Smad-1, and Xbra, in combination or separately. The results 

showed that Smad-1-mediated stimulation was completely abolished (Figure 4E, 3rd bar), but 

Xbra-mediated stimulation was sustained with the 1.5-fold increase in the presence of Xbra 

(Figure 4E, 2nd bar). Site-directed mutagenesis of BMP-4/Smad-1 response element (BRE) 

within PV.1 (-180) promoter construct (PV.1 (-180)mBRE) still sustained some synergistic 

activation when Smad-1 was co-injected with Xbra (Figure 4E, 4th bar). While, the relative 

promoter activity of PV.1 (-180)mBRE was dramatically decreased up to 2.5-fold as compared 

to 15-fold increase with the wild type of PV.1 (-180) promoter construct in the presence of both 
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Xbra and Smad-1 (Figure 4B, 4th bar). Moreover, concomitant overexpression of Xbra and 

Smad-1 increased relative promoter activity of PV.1 (-180)mXbRE promoter construct up to 8.5-

fold (Figure 4D, 4th bar).  

To examine the role of both cis-acting elements (BRE and XbRE) in PV.1 (-180) promoter 

construct, we mutated both cis-acting consensus XbRE and BRE within PV.1 (-180) promoter 

construct as shown in Figure 3F. We co-injected doubly mutated PV.1 (-180)m(BRE+XbRE) 

promoter construct with Smad-1, and Xbra, in combination or separately. The results showed 

that Xbra and Smad-1-mediated stimulation in relative promoter activity of PV.1 (-180) promoter 

construct was completely abolished in PV.1 (-180)m(BRE+XbRE) (Figure 4F) while 

concomitant overexpression of Smad-1 and Xbra increased up to 16-fold, 8.5-fold and 2.5-fold 

relative promoter activity with wild-type PV.1 (-180), PV.1 (-180)mXbRE and PV.1 (-

180)mBRE, respectively (Figure 4B, 4D and 4E, bar 4). The results indicated that both 

consensus cis-acting BRE and XbRE were required for maximum activation of PV.1 

transcription in synergistic manner. Moreover, BMP-4/Smad-1 and FGF/Xbra signaling crosstalk 

was played a critical role in a PV.1-dependent neural inhibition during early Xenopus 

development. We thus postulated whether Xbra and Smad-1 physically interact to regulate the 

synergistic activation of PV.1. We co-injected Xbra with the different construct of Smad-1; 

Smad-1 (wild-type), C-terminal phospho-mimic Smad-1 (3SD), and C-terminal phospho-dead 

mutant Smad-1 (3SA) and harvested injected embryos till stage 11 to perform 

immunoprecipitation assay (Figure 4G). The results showed that Xbra physically interacted with 

Smad-1 (wild-type) and phospho-mimic Smad-1 (3SD) while the interaction of Xbra with 

phospho-dead mutant Smad-1 (3SA) was not detected (Figure 4H). This result suggested that C-

terminal phosphorylation of Smad-1 played a significant role in Xbra-Smad-1 interaction and 
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notably required for synergistic regulation of PV.1 transcription activation. Moreover, the results 

showed that Smad-1-Xbra interaction was critically required for establishment of BMP-4/Smad-

1 and FGF/Xbra-mediated signaling crosstalk which regulated the transcriptional activation of 

PV.1. This result supported to the previous study that Smad-1 C-terminal phosphorylation is 

remarkably required for Smad-1-Xbra interaction for stimulating the expression of the ventral 

genes (Messenger et al., 2005). 

5. Xbra strongly enhances the DNA binding of Smad-1 on the endogenous PV.1 promoter 

region.  

For further confirmation of Smad-1 and Xbra-mediated synergistic regulation of PV.1 

transcription, we assumed whether both Smad-1 and Xbra stimulates DNA binding of their 

interacting partner within the endogenous PV.1 promoter region. We co-injected Myc-Xbra 

mRNA with and without Smad-1 to perform the ChIP-PCR assay with anti-Myc antibody 

(Blythe et al., 2009). The result showed that ectopic expression of Smad-1 stimulated Xbra 

binding within the proximal region of the endogenous PV.1 promoter (Figure 5A and B). Thus, 

we further asked whether Xbra stimulates Smad-1 binding within endogenous PV.1 promoter 

region and restores the inhibition of Smad-1, mediated by FGF/MAPK signaling (Schier, 2001; 

Pera et al., 2003). We co-injected Flag-Smad-1 mRNA with and without Xbra and performed 

ChIP-PCR assay with anti-Flag antibody. Surprisingly, this result showed that Xbra robustly 

enhanced the Smad-1 binding within the proximal region of endogenous PV.1 promoter (-180bp 

to -162bp) upstream of putative transcription initiation site (Figure 5C and D). Further, we 

postulated whether the physical interaction of Smad-1 and Xbra regulates expression of other 

gene of the Vent family, we tested the Xvent promoter region with Smad-1 and Xbra both in 

separately, and in combination. Results exhibited that Smad-1 and Xbra increased relative 

promoter activity of Xvent2 (-1031) promoter construct and induced the expression of Xvent2, 
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separately, but the concomitant injection of Smad-1 and Xbra was not able to regulate the 

expression of Xvent2 in a synergistic manner (Supplementary Figure 1). These results 

collectively indicated that both Xbra and Smad-1 directly bound within the proximal promoter 

region of PV.1. However, the direct binding of Xbra and Smad-1 within PV.1 promoter region 

was not critically required for synergistic regulation of PV.1 transcription. These results strongly 

suggested that Smad-1 played a significant role in a synergistic regulation of PV.1 transcription 

and also in BMP-4/Smad-1 and FGF/Xbra-mediated signaling crosstalk. Moreover, Xbra not 

only positively regulated the PV.1 transcription activation but also strongly stimulated the BMP-

4/Smad-1 signaling. Also, the result suggests that synergistic effect of Smad-1 and Xbra may 

restore the activity of FGF/MAPK-mediated inhibition of BMP-4/Smad-1 signaling. 

Furthermore, suggested that PV.1 may be a novel target of Smad-1 and Xbra interaction in a Vent 

family. 

Discussion  

Studies demonstrated that both BMP-4/Smad-1 and FGF/Xbra signaling positively regulates the 

transcription of the BMP-4 downstream target gene, PV.1 to promote embryos ventralization and 

ventral mesodermal formation (Lee et al., 2011; Yoon et al., 2014b). These studies established a 

signaling crosstalk between BMP-4/Smad-1 and FGF/Xbra signaling. However, the significance 

and mechanism of this signaling crosstalk are still mostly awaited to delineate. BMP-4/Smad-1 

facilitates the ectoderm formation and inhibits the neural induction during early Xenopus 

development. Inhibition of BMP signaling is required for inducing the early neurogenesis in 

Xenopus development (Hawley et al., 1995; Wilson and Hemmati-Brivanlou, 1995; Xu et al., 

1995; Hemmati-Brivanlou and Melton, 1997). Furthermore, FGF/Xbra signaling actively 

participates in the lateral mesodermal formation and A-P patterning of neural tissue (Kim et al., 
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1998; Gamse and Sive, 2000; Weisinger et al., 2008). Previous studies demonstrated that 

FGF/Xbra signaling catalyzes the inhibitory phosphorylation of Smad-1 at linker region and 

inhibits the BMP-4/Smad-1 signaling (Schier, 2001; Pera et al., 2003). Surprisingly, FGF/Xbra-

mediated inhibition of BMP-4 signaling alone is not sufficient to trigger the neurogenesis in 

ectodermal explant (Wilson et al., 2001; Delaune et al., 2005). A recent study documented that 

FGF/Xbra signaling also stimulates the PV.1 expression and inhibits the ectoderm-

neuroectoderm transition in ectodermal animal cap explant of Xenopus embryos (Yoon et al., 

2014b). However, the detailed mechanism of FGF/Xbra-mediated regulation of PV.1 activation 

was not delineated. BMP-4/Smad-1 and FGF/Xbra both positively regulates the PV.1 expression 

during early development of Xenopus embryos (Lee et al., 2011; Yoon et al., 2014b). The 

molecular mechanism of BMP-4/Smad-1 and FGF/Xbra-mediated signaling crosstalk in context 

to the positive and synergistic regulation of PV.1 expression is still largely unknown. Moreover, 

Xbra-mediated neural inhibition is still awaited to delineate. In this study, we outlined the 

molecular mechanism of FGF/Xbra and BMP-4/Smad-1-mediated signaling crosstalk and 

synergistic activation of PV.1 transcription to inhibit early neurogenesis in Xenopus 

development. 

Xbra inhibits the neurogenesis in a PV.1 dependent manner during Xenopus development. 

Our previous study provides evidence that ectopic expression of Xbra induces the PV.1 

expression and inhibits the early neurogenesis (Yoon et al., 2014b). However, whether Xbra 

induces the PV.1 expression in the absence of BMP-4 signaling and inhibits the early 

neurogenesis was largely unknown. Xbra induces the expression of ventral gene PV.1 in the 

absence of BMP-4 signaling (BMP-4 is inhibited by DNBR) and inhibits early neurogenesis 

through downregulating the expression of early and late neural markers genes, including 
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FoxD5a, Ngnr, N-CAM and Otx2, and (Figure 1A and 1B). This finding supports our previous 

study that Xbra induces the PV.1 expression and inhibits the early neurogenesis (Yoon et al., 

2014b). However, this is still questionable that whether Xbra-mediated neural inhibition is 

facilitated in a PV.1-dependent manner. We demonstrated that PV.1 MOs-mediated knockdown 

of PV.1 restores the Xbra-mediated inhibition of early neurogenesis in ectodermal animal cap 

explants. Moreover, the ectopic expression of PV.1 MOs increases the expression of early and 

late neural marker genes, including FoxD5a, Ngnr, N-CAM, and Otx2, which decreased by Xbra, 

and PV.1 MOs also decreases the Xbra-mediated induction of PV.1 (Figure 2A and 2B). In 

addition, co-injection of PV.1 MOs with Xbra also increases the expression of early and late 

neural marker genes, including FoxD5a, Ngnr, N-CAM and Otx2 and also decreases the PV.1 

expression (data not shown). These results significantly evidenced that Xbra catalyzes the 

inhibition of early neurogenesis in a PV.1-dependent manner. Moreover, these results suggested 

that PV.1 may be a direct target of Xbra and PV.1 promoter region may contain positive Xbra 

response elements (XbRE) to facilitate the PV.1-dependent neurogenesis inhibition. 

Identification of Xbra response element (XbRE) within the PV.1 promoter. 

To identify whether PV.1 promoter region contains cis-acting XbRE elements within 5’-flanking 

region of PV.1 and positively regulates PV.1 transcription activation, we found that Xbra induces 

the PV.1 transcription while DN-Xbra reduces the PV.1 transcription (Figure 3A and 3B). These 

results provide evidence that PV.1 promoter region contains putative cis-acting XbRE and 

positively regulates PV.1 transcription activation to inhibit the early neurogenesis. In reporter 

assay of different serially deleted promoter construct found that Xbra increases the relative 

promoter activity of different serially deleted promoter constructs of PV.1 up to 1.5-4-fold 

(Figure 3C-3E). These results strongly evidence that PV.1 (-103) promoter construct contains 

cis-acting XbRE to trigger the PV.1 transcriptional activation and inhibits the early neurogenesis. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 28, 2017. ; https://doi.org/10.1101/156992doi: bioRxiv preprint 

https://doi.org/10.1101/156992


A study documented the conserved cis-acting binding response elements (TCACACCT) for the 

T-box domain containing transcription factor in Drosophila (Conlon et al., 2001). In addition, 

recent study observed that Xbra modulates the expression of its target genes in Drosophila 

embryonic cells in a dose-dependent manner through binding within a consensus sequence 

(A/G)(A/T)(A/T)NTN(A/G)CAC(C/T)T (Kusch et al., 2002). We further mapped out the cis-

acting XbRE within PV.1 (-103) promoter constructs and observed that PV.1 (-103) promoter 

construct contains a putative cis-acting XbRE (ATCACACTT, within -70bp~-62bp) upstream of 

putative transcription initiation site (Figure 3F). To test whether putative XbRE positively 

regulates the PV.1 transcription activation, the loss-of-function study resulted that putative 

XbRE positively regulates the PV.1 transcription activation (Figure 3G and 3F). These results 

collectively provide evidence that PV.1 (-103) promoter construct contains cis-acting XbRE 

which actively participates in transcriptional activation of PV.1 and inhibits the early 

neurogenesis. Thus, we assumed that whether Xbra directly binds within PV.1 promoter region 

to activate PV.1 transcription. The ChIP assay analysis confirmed that Xbra directly binds within 

the proximal region of the endogenous PV.1 promoter (Figure 3H and I). These results 

collectively evidenced that PV.1 promoter comprises cis-acting XbRE which positively regulates 

the PV.1 transcription and Xbra directly binds within the proximal region of the PV.1 promoter 

to inhibit the early neurogenesis. 

Xbra and smad-1 synergistically regulate the PV.1 transcription activation. 

Our previous study documented that PV.1 promoter region contains the cis-acting BRE 

(CAGACT, -180bp to -162bp) within 5’-flanking region of putative transcription initiation site 

of PV.1 (Lee et al., 2011). Moreover, PV.1 is a direct target of BMP signaling and positively 

regulates the transcriptional activation of PV.1 to inhibit the early neurogenesis (Lee et al., 
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2011). Another study documented that C-terminal mutated Smad-1 at S378N, Y336D and 

Y343D abolishes the interaction of Smad-1 with Xbra and C-terminal phosphorylated Smad-1 

plays a significant role in Smad-1-Xbra interaction (Messenger et al., 2005). However, the 

regulatory function of Smad-1-Xbra interaction was unknown. Messenger et al., 2005 suggested 

that Smad-1-Xbra interaction may induce the expression of the ventral genes (Messenger et al., 

2005). Our study reported that BMP-4/Smad-1 and FGF/Xbra signaling cis-acting response 

elements, BRE and XbRE presents in close vicinity within the proximal region of the PV.1 

promoter. Using this hypothesis, we assumed that Xbra and Smad-1 mediates a signaling 

crosstalk between BMP-4/Smad-1 and FGF/Xbra signaling in context to PV.1 transcription 

activation. Our study provides evidence that Xbra and Smad-1 strongly increase the promoter 

activity of PV.1 (-180) promoter construct, which contains both BRE and XbRE, and cooperates 

synergistically to activate the PV.1 transcription for inhibiting early neurogenesis (Figure 4A and 

4B). We further hypothesized that whether XbRE plays a role in the synergistic regulation of 

PV.1 transcription. The loss-of-function study of XbRE resulted that Xbra and Smad-1-mediated 

synergistic activation of PV.1 (-103) promoter construct is completely abolished with PV.1 (-

103)mXbRE (Figure 4C). This finding suggested that XbRE plays a significant role in a 

synergistic activation of PV.1 transcription.  

We further raised questions that whether XbRE or BRE, which one plays a more crucially role in 

synergistic activation of PV.1 transcription to inhibit the neurogenesis. Thus, our study 

evidenced that relative promoter activity of BRE mutated PV.1 (-180)mBRE (up to 2.5-fold) 

declines more remarkably in Xbra-Smad-1-injected embryos as compared to PV.1(-180)mXbRE 

(up to 8.5-fold) (Figure 4D and 4E). These results concluded that BRE plays a more significant 

role in a synergistic regulation of PV.1 transcription activation as compared to XbRE. Moreover, 
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these finding collectively suggested that BRE-mediated transcriptional activation of PV.1 

inhibits early neurogenesis more efficiently and plays a crucial role in signaling crosstalk of 

BMP-4/Smad-1 and FGF/Xbra during Xenopus embryos. Moreover, the doubly loss-of-function 

study in PV.1 (-180) promoter construct showed that Smad-1 and Xbra-mediated synergistic 

activation of PV.1 transcription are completely abolished with PV.1 (-180)m(BRE+XbRE) 

promoter construct (Figure 4F). These results concluded that both XbRE and BRE cis-acting 

response elements cooperate synergistically to regulate the PV.1 transcription activation and 

inhibit the early neurogenesis in the ectoderm. In addition, BRE plays a more profound role in 

signaling crosstalk, initiated by BMP-4/Smad-1 and FGF/Xbra in context to transcriptional 

activation of PV.1. Additionally, PV.1 may be a novel target of Smad-1 and Xbra interaction in a 

Vent family because the physical interaction of Smad-1 and Xbra does not regulate the Xvent2 

expression in a synergistic manner (S1).  

A study documented that C-terminal phosphorylation of Smad-1 plays a significant role in the 

physical interaction of Smad-1 and Xbra. Smad-1 physically interacts with an N-terminal domain 

of Xbra while C-terminal phosphorylated mutant Smad-1 (S378N, Y336D, and Y343D) does not 

interact with Xbra (Messenger et al., 2005). Thus, we assumed that whether Xbra and Smad-1 

interact with each other to establish the signaling crosstalk for synergistic regulation of PV.1 

transcription activation. The immunoprecipitation assay showed that Xbra physically interacts 

with C-terminal phosphorylated Smad-1 and phospho-mimic 3SD (S462D, S463D, and S465D) 

Smad-1 while Xbra interaction with phospho-dead 3SA (S462A, S463A, and S465A) Smad-1 is 

not reported (Figure 4G and 4H). This study concludes that Smad-1 C-terminal phosphorylation 

plays a significant role in Xbra and Smad-1 interaction and establishes a signaling crosstalk 
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between BMP-4/Smad-1 and FGF/Xbra to activate the PV.1 transcription in a synergistic manner 

for inhibiting the early neurogenesis in the ectoderm. 

Physical binding of Smad-1 and Xbra stimulates promoter activity of PV.1 and is 

dependent on DNA binding, but not absolutely require DNA binding for cooperative 

stimulation. 

Above collective findings showed the evidence that Xbra and Smad-1 cooperate synergistically 

to regulate the transcriptional activation of PV.1 and establishes a signaling crosstalk between 

BMP-4/Smad-1 and FGF/Xbra in context to activation of PV.1 transcription. Thus, we 

hypothesized that whether Smad-1 and Xbra increase the DNA binding of their respective 

interacting partners with the endogenous PV.1 promoter region for synergistic regulation of PV.1 

transcription. Moreover, whether DNA binding of Xbra and Smad-1 is absolutely required for 

synergistic activation of PV.1 transcription. In ChIP assay found that Smad-1 increases Xbra 

binding with the endogenous promoter region of PV.1 (Figure 5A and B). Moreover, we 

observed that Xbra could also increase Smad-1 binding with the endogenous promoter region of 

PV.1 (Figure 5C and D). These results suggested that Smad-1 and Xbra not only triggers the 

promoter activity of PV.1 transcription in a synergistic manner but also promotes the DNA 

binding of their interacting partner and facilitates a signaling crosstalk in context to PV.1 

transcriptional activation. Surprisingly, we observed that Smad-1 and Xbra binding to the 

endogenous PV.1 promoter are only required for transcriptional activation of PV.1, but this 

binding is not absolutely required for cooperative stimulation of PV.1 transcriptional activation. 

Taken together, all collective findings suggested that the 5’-flanking region of putative 

transcription start site of PV.1 contains cis-acting XbRE within -70bp~-62bp upstream of 

putative transcription initiation site of PV.1. Furthermore, we found that Xbra is a positive 

regulator of PV.1 transcription and inhibits the early neurogenesis in a PV.1-dependent manner. 
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Moreover, Xbra and Smad-1 cooperates synergistically to regulate the PV.1 transcription 

activation positively and inhibits the early neurogenesis in ectoderm explant. In addition, BRE 

plays a more significant role in synergistic regulation the PV.1 transcription rather than XbRE 

and inhibits the early neurogenesis more efficiently. We also observed that FGF/Xbra and BMP-

4/Smad-1 establishes a signaling crosstalk to inhibit the early neurogenesis. Additionally, Xbra 

and Smad-1 directly binds within PV.1 promoter region and enhances the binding of their 

respective interacting partner with the endogenous PV.1 promoter, but this promoter DNA 

binding is not absolutely required for synergistic regulation of PV.1 transcription activation 

during Xenopus development. 

In last, we proposed a putative systematic model for Xbra-Smad-1-mediated synergistic 

regulation of PV.1 (-180) promoter constructs and its transcriptional activation. Moreover, BMP-

4/Smad-1 and FGF/Xbra-mediated signaling crosstalk in context to PV.1 transcription activation 

and in neurogenesis inhibition (Figure 6). 

Material and methods:  

Ethics Statement 

Institutional Animal Care and Use Committee (IACUC) approval is not required for the 

experimental use of amphibians or reptiles in Korea. All members of our research group are 

attended the both educational and training courses to appropriate care and usage of experimental 

animals. Adult X. laevis were grown in 12 hrs light/dark (LD 12:12 h) cycles at 180C according 

to the guidelines of Institutes of Laboratory Animal Resources that works for laboratory animal 

maintenance. 

DNA and RNA preparation 
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cDNAs encoding Dominant-negative BMP receptor (DNBR), Smad-1 (WT): SP6, Asp718, and 

its mutants Smad-1 (3SD): SP6, Asp718, and Smad-1 (3SA): SP6, Asp718 were all subcloned 

into the pSP64T expression vector while Xbra: SP6, Asp718 was subcloned into the pCS2+ 

expression vector (Lee et al., 2011). Each vector was linearized with the appropriate restriction 

enzyme and used for in-vitro transcription using the MEGAscript kit according to manufacturer’s 

instructions (Ambion, Austin, TX). Synthetic mRNAs were quantified by spectrophotometer at 

260/280nm (SPECTRA max, Molecular Devices). 

Cloning of PV.1A genomic DNA 

The cloning of PV.1A genomic DNA (gDNA) was performed into the pBluescript SK(-) plasmid 

(Stratagene, Cedar Creek, TX) as described by Lee et al., 2011 (Lee et al., 2011). 

PV.1 promoter constructs 

The 2.5 kb of 5’-flanking region of positive clone was subcloned into the pGL-2 basic plasmid 

(Promega, Madison, WI) and was designated the -2525bp construct. Serially deleted PV.1 

promoter mutants and triple-repeat BMP-4-response element (BRE) were generated from -

2525bp construct and subcloned into a pGL-2 basic plasmid by PCR amplification (Table 1) 

according to Lee et al. 2011 (Lee et al., 2011). 

Table 1. Primers used for serially-deleted reporter gene constructs. 

                                                            

 PRIMER 

NAME 

SEQUENCES (5’                          3’) 

UPSTREAM 

PRIMERS 

-2525 AGTCCTCGAGTACCTGCAACTTACTCGC 

 -300 AGTCCTCGAGAACCTACATTATCTCTTTCC 

 -262 AGTCCTCGAGTCTCTGCTGTCTGTCCATGGGA 

 -240 AGTCCTCGAGTTCTGTGCCGGCCAATGCTAAT 

 -204 AGTCCTCGAGCCTCCAATATCACAAGGTGAA 

 -180 AGTCCTCGAGACTAACCTGACAGACTCACTGG 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 28, 2017. ; https://doi.org/10.1101/156992doi: bioRxiv preprint 

https://doi.org/10.1101/156992


 -103 AGTCCTCGAGTAGCCCATTCTGATAGCC 

DOWN STREAM 

PRIMER 

 AGTCAAGCTTGATGGAGCCGCTGGAGTTGTG 

 

Embryo injection and explants culture 

Xenopus embryos were injected after in vitro fertilization of eggs that induced by injection of 

500 units of human chorionic gonadotropin (Sigma, St. Louis, MO). RNAs were injected into the 

animal pole at 1-cell stage embryos and harvested into 30% MMR. Then, animal cap (AC) 

dissected from injected embryos at stage 8.0-8.5 and incubated in 1X L-15 growth medium 

(Gibco) till stage 11 for RT-PCR. 

RNA isolation and RT-PCR 

Xbra mRNA (1 ng) was injected into the animal pole at 1-cell stage of Xenopus embryos and 

harvested into 30% MMR solution with respect to control non-injected embryos till stage 8. 

Animal caps were then dissected from the injected and non-injected embryos and incubated until 

stage 11 or 24 into 1X L-15 growth medium. Total RNA was isolated from whole embryos or 

animal caps using RNA-bee reagent following the manufacturer’s instructions (TEL-TEST, 

Friendwood, Texas) and treated with DNase I remove gDNA contamination. RT-PCR was 

performed with Superscript II (Invitrogen, Carlsbad, CA), as described by the manufacturer, with 

2 mg total RNA per reaction. PCR was performed according to the following conditions: 30 

seconds at 940C, 30 seconds at each annealing temperature, 30 seconds at 720C; 20-28 cycles of 

amplification (Table 2). 

Table 2. Primers used for RT-PCR amplification 

GENE 

NAME 

SEQUENCE (5’                                              3’) ANNEALING 

TEMP (0C) 

CYCLES 

N-CAM F-5’-CACAGTTCCACCAAATGC-3’ 

R-5’-GGAATCAAGCGGTACAGA-3’ 

57 29 

FoxD5a F-5’GACAGTGAGATGCTGAGTCC-3’ 50 30 
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R-5’GGACTCTGCAGGATAGCCT-3’ 

Ngnr F-5’GGATGGTGCTGCTACCGTGCGAGTACC-3’ 

R-5’CAAGCGCAGAGTTCAGGTTGTGCATGC-3’ 

65 30 

PV.1 F-5’CCTTCAGCATGGTTCAACAG-3’ 

R-5’CATCCTTCTTCCTTGGCATCTCCT-3’ 

60 27 

Xvent-2 F-5’CTACAGCACTAGCACTGACTCAGG-3’ 

R-5’TTGGACTGCATGCTGCAATACAGG-3’ 

57 25 

Otx2 F-5’GGATGGATTTGTTGCACCAGTC-3’ 

R-5’CACTCTCCCAGCTCACTTCTC-3’ 

57 27 

EF-1α F-5’CAGATTGGTGCTGGATATGC-3’ 

R-5’ ACTGCCTTGATGACTCCTAG-3’ 

57 20 

 

Luciferase assays 

Relative luciferase reporter gene activities were measured using luciferase assay system 

according to manufacturer’s instructions (Promega, Madison, WI). Five different groups of 

embryos (3 embryos per group) were harvested and homogenized in 10μl lysis buffer per animal 

cap. 10μL embryos homogenate were assayed with 40μL luciferase substrate and determined the 

reporter gene activity by the luminometer (EG & G Berthold, Bad Wildbad, Germany). All 

experiments were repeated at least three times using independently derived sample sets. 

Site-directed mutagenesis 

Mutagenesis was performed by a site-directed mutagenesis (Muta-DirectTM iNtRON 

Biotechnology) kit using the several oligonucleotides in accordance with instructions (Table 3). 

Table 3. Primers used for site-direct mutagenesis gene constructs. 

Mutated 

site 

Name Primer 

Name 

Sequences  

XbRE XbRE(M) mXbRE-F 5’-CCCTTTGATGTGGATCACGCTTGAATATCCATCAAGC-3’ 

mXbRE-R 3’-GGGAAACTACACCTAGTGCGAACTTATAGGTAGTTCG-5’ 

BRE -180 MT mBRE-F 5’-AGTCCTCGAGACTAACCTGACCAACTCACTGG-3’ 
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mBRE-R 3’-TCAGGAGCTCTGATTGGACTGGTTGAGTGACC-5’ 

 

Immunoprecipitation 

Embryos were co-injected with Xbra-myc mRNA at one cell stage with Smad-1-Flag, 3SD, and 

3SA in three different groups and injected embryos were collected at stage 11. They were then 

homogenized in lysis IP buffer (1M Tris [7.4]), 150mM NaCl, 1% NP-40, 10% Triton-X, 0.5M 

EDTA, 50% glycerol, 50mM NaF, 1mM Na3VO4, 15mM Glycerophosphate and 200X 

phosphatase inhibitors (PMSF [Sigma, cat-7626], Pepstatin A [Sigma, cat-P4265], Leupeptin 

[Sigma, cat-L0649], Benzamidine [Sigma, cat-B6506]. Cell lysates were cleared by 

centrifugation and cleared lysate incubated with the C-Myc polyclonal antibody (Santa Cruz 

Biotechnology, SC-789) for overnight at 40C, immunocomplexes were precipitated by using 

protein A/G beads plus (Santa Cruz Biotechnology, SC-2003). The proper amount of precipitated 

beads-protein complex was boiled in sample buffer, and resolved by electrophoresis on 10% 

SDS-polyacrylamide gels. Western blotting of Flag-Smad-1, Flag-Smad-1(3SD), and Flag-

Smad-1(3SA) was performed by using an anti-Flag monoclonal antibody (Sigma, F-1804) and 

secondary antibody anti-mouse purchased by Stressgen (SAB-100). Immune complexes were 

visualized by using an ECL detection kit (GE healthcare). 

Chromatin immune-precipitation (ChIP) 

Chromatin immunoprecipitation assay was performed as described (Blythe et al., 2009). 

Embryos were injected at the one-cell stage with mRNA encoding Xbra-Myc and Smad-1-Flag 

(1ng per embryo) either separately or in combination. Injected embryos were collected at stage 

11 (100 embryos/sample) and processed according to the protocol. Polyclonal C-Myc (Santa 

Cruz Biotechnology, SC-789) and anti-Flag monoclonal antibody (Sigma, F-1804) were added to 

immunoprecipitate the chromatin. Moreover, normal rabbit IgG (Santa Cruz Biotechnology, SC-
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2027) and normal mouse IgG (Santa Cruz Biotechnology, SC-2025). PCR were performed with 

immunoprecipitated fragmented chromatin using PV.1 (-180 and -103) promoter region primers. 

Primers were shown in Table 1 and 2. 

Morpholino Oligos (MOs) 

PV.1 morpholino oligos (MOs, Genetools, LLC) is an anti-sense oligodeoyynucletides were used 

for loss-of-function study. This morpholino was designed against 5’ UTR and/or the start site of 

transcription initiation. The sequence of PV.1 MOs was as follows: 

 

                         PV.1 MOs: 5’- AATCTTTGTTTGAACCATGCTGAAGG -3’ 

MOs were warmed at 550C for 5 min and keep at 370C until injection the embryos to avoid the 

clogging of microinjection needles. MOs were injected with 10ng per embryos. 

Nucleotide sequence accession number 

The PV.1 (accession number; AF133122) cDNA sequence has been submitted to GenBank. 

Whole mount in-situ hybridization 

Embryos were injected with mRNAs at one-cell stage and performed whole-mount in 

situ hybridization at stage 11 using standard methods with anti-sense probes for Xvent2 (Yoon et 

al., 2014a).  

Statistical analysis 

Data were analyzed by unpaired two-tailed Student’s t test using GraphPad Prism4. Asterisks 
denote **: p ≤ 0.01, ***: p ≤ 0.001, n.s.: not significant. 
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Figure legends  

Figure 1: Ectopic expression of Xbra negatively regulates the neurogenesis in early 

Xenopus development. Xbra (1ng) mRNA was injected with or without DNBR (1ng) mRNA at 

one cell stage to dissect the animal cap at stage 8 and harvested at stage 11, and 24. The relative 

gene expression was analyzed by RT-PCR. (A) Xbra increases PV.1 expression and reduces 

FoxD5a expression while DNBR reduces PV.1 expression and induces FoxD5a expression. All 

experiments performed at stage 11. (B) Xbra injection reduces the expression of N-CAM, Ngnr 

(Pan-neural markers), and Otx2 (Anterior neural marker) and while DNBR induces the 

expression of N-CAM, Ngnr, and Otx2. All experiments performed at tailbud stage 24. 

Figure 2: Inhibition of neurogenesis by Xbra mediates through PV.1. PV.1 MOs (1ng) were 

injected with or without DNBR and Xbra mRNA at one cell stage and dissected the animal cap 

at stage 8. The dissected animal caps were harvest until stage 11 and 24 in 0.5X L-15 medium. 

The relative gene expression was analyzed by RT-PCR. (A and B) PV.1 MOs reduces the PV.1 

expression and increases FoxD5a expression while PV.1 MOs augments expression of N-CAM, 

Ngnr, and Otx2 at tailbud stage 24. 

Figure 3: Identification of Xbra response elements (XbRE) within PV.1 promoter region  

Different serially deleted PV.1 (40pg) promoter construct was co-injected with or without 1ng 

either DN-Xbra or Xbra at 1-cell stage and grown till stage 11 in 30 % MMR to measure relative 

promoter activity. (A) DN-Xbra decreases the relative promoter activity of PV.1 (-2525) 

promoter region as compared to PV.1 (-2525) promoter region alone. (B) Xbra increases the 

relative promoter activity of PV.1 (-2525) promoter region as compared to PV.1 (-2525) alone. 

(C and D) Xbra increases the relative promoter activity of serially deleted promoter construct of 

PV.1. (E) Xbra increases the relative promoter activity of PV.1 (-103) promoter construct in a 
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dose-dependent manner. (F) The loss-of-function study was performed with PV.1 (-103 and -

180) promoter construct at Xbra and Smad-1 binding consensus sequences. (G) Xbra-mediated 

induction in relative promoter activity of PV.1 (-103) is abolished with mutated PV.1 (-

103)mXbRE. (H and I) In ChIP assay, Xbra-Myc (1ng) was injected at 1-cell stage and grown 

till stage 11 in 30% MMR. Anti-Myc antibody was used to immunoprecipitate the endogenous 

PV.1 promoter region. All binding was measured by PCR method with specific primers. PV.1 (-

103) promoter DNA used as positive control and Xvent2 coding region used as a negative 

control for all ChIP experiments. All relative promoter activity data are shown as mean ± SE. 

Figure 4: Xbra and smad-1 synergistically regulate the PV.1 transcription. 

Different PV.1 promoter constructs were co-injected with or without Smad-1, and Xbra mRNA, 

either in a combination or separately, at 1-cell stage and grown till stage 11 in 30 % MMR. 

Relative promoter activity was measured at stage 11. (A and B) The co-injection of Xbra-Smad-

1 strongly increases the relative promoter activity of PV.1 (-103 and -180) as compared to PV.1 

(-103 and -180)-Xbra. (C) The co-injection of Xbra-Smad-1 is not able to stimulate relative 

promoter activity of PV.1 (-103)mXbRE as compared to Figure 4A. (D) The relative promoter 

activity of PV.1 (-180)mXbRE promoter construct significantly decreases in Xbra-Smad-1 

injected embryos as compared to Figure 4B. (E) The concomitant overexpression of Smad-1 and 

Xbra robustly decreases the relative promoter activity of PV.1 (-180)mBRE as compared to 

Figure 4B. (F) Xbra and Smad-1-mediated induction in relative promoter activity of PV.1 (-180) 

completely diminish with doubly mutated PV.1 (-180)m(BRE+XbRE) as compared to Figure 

4B, 4D, and 4E. (G and H) 1ng of Smad-1-Flag, phospho-mimic Smad-1 3SD-Flag, and 

phosphorylation dead-mutant Smad-1 3SA-Flag were co-injected with Xbra-Myc (1ng) at 1-cell 

stage and collected the total protein at stage 11 to perform the immuno-precipitation with anti-
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Flag antibody. All relative promoter activity experiments performed in triplicate. All relative 

promoter activity data are shown as mean ± SE. 

Figure 5: Physical binding of Smad1 and Xbra stimulates promoter activity of PV.1 and is 

dependent on DNA binding, but not absolutely require DNA binding for cooperative 

stimulation. In chromatin immunoprecipitation assay, Xbra-Myc (1ng) was injected with or 

without Smad-1 at 1-cell stage and harvested the embryos till stage 11 in 30% MMR. (A and B) 

ChIP assay is performed with anti-Myc antibody and found that Smad-1 increases the Xbra 

binding with endogenous PV.1 promoter region as compared to Xbra alone. (C and D) We also 

ChIP assay is performed with anti-Flag antibody and observed that Xbra also increases the 

Smad-1 binding with endogenous PV.1 promoter region as compared to Smad-1 alone. All 

binding was measured by PCR method with specific primers. PV.1 (-103 and -180) promoter 

DNA used as positive control while Xvent2 coding region primers used for PCR as a negative 

control for all ChIP experiments. 

Figure 6: The systematic putative model of Xbra-Smad-1-mediated synergistic regulation 

of PV.1 transcriptional activation and neurogenesis inhibition during early Xenopus 

development. (A) Smad-1 and Xbra-mediated putative transcriptional regulation of PV.1 (-180) 

promoter construct is shown in a synergistic manner. BMP-4/Smad-1 and FGF/Xbra-mediated 

signaling crosstalk in context to PV.1 transcription activation to inhibit the early neurogenesis 

during Xenopus development. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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