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ABSTRACT 

 

 
Sp8 and Sp6 are two closely related Sp genes expressed in the limb ectoderm 

where they regulate proximo-distal and dorso-ventral patterning. Mouse genetics 

revealed that they act together in a dose-dependent manner but with Sp8 making a much 

greater contribution. Here, we combine ChIP-seq and RNA-seq genome-wide analyses to 

investigate the Sp8 regulatory network and mechanism of action. We find that Sp8 

predominantly binds to putative distal enhancers to activate crucial limb patterning genes, 

including Fgf8, En1, Sp6 and Rspo2. Sp8 exerts its regulatory function by directly binding 

DNA at Sp consensus sequences or indirectly through Dlx5 interaction. Overall, our work 

underscores Sp8 master regulatory functions and supports a model in which it cooperates 

with other Dlx and Sp cofactors to regulate target genes. We believe that this model could 

help to properly understand the molecular basis of congenital malformations. 

 

Impact Sentence 
 
In the limb ectoderm, Sp8 regulates master genes through a dual mechanism: directly 

binding DNA at Sp consensus sequences and indirectly engaging through Dlx5 

interaction.  
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INTRODUCTION 

 

The developing vertebrate limb has long proved as an excellent system for studying the 

mechanisms involved in pattern formation and morphogenesis, and more recently in 

transcriptional regulation. Limb development begins with the accumulation under the 

surface ectoderm of the proliferating limb progenitor cells. Further limb outgrowth and 

patterning depends on the interaction between these two limb components, epithelia-

mesenchymal interactions. An initial interaction leads to the induction of Fgf8 in the 

ectoderm generating the apical ectodermal ridge (AER), a crucial signaling center that 

provides the signals needed for the survival and proliferation of the limb progenitor cells 

(Fernandez-Teran and Ros, 2008; Tickle, 2015) Concomitantly with the induction of the 

AER, the activation of En1 in the ventral ectoderm functions to restrict Wnt7a, initially 

expressed over the whole limb field ectoderm, to its dorsal aspect therefore defining 

precise dorsal and ventral domains of gene expression. Wnt7a controls the dorsalization 

of the limb bud by inducing the expression of the homeobox gene Lmx1b in the subjacent 

mesoderm (Fernandez-Teran and Ros, 2008; Tickle, 2015). 

It is known that the induction of Fgf8 and En1 expression requires active 

Wnt/βcatenin and Bmp pathways in the limb ectoderm (Ahn et al., 2001; Barrow et al., 

2003; Soshnikova et al., 2003) but the regulatory networks involved in these interactions 

are not completely understood. Understanding the mechanisms that lead to the induction 

and maintenance of the AER as well as dorsal-ventral (DV) polarity is of maximum 

interest not only for understanding limb development but also for tissue regeneration and 

repair. 

Recently, the role of Sp6 and Sp8 in the early limb bud ectoderm as mediators of 

Wnt/βcatenin and Bmp signaling has gained attention (Haro et al., 2014). Sp6 and Sp8 

are members of the Specificity protein/Krüppel-like (Sp/Klf) family of transcription 

factors (TFs) found across almost all metazoan species (Presnell et al., 2015; Suske, 

1999). The Sp family is characterized by a highly conserved carboxyterminal DNA 

binding domain composed of three consecutive C2H2-type zinc finger (ZF) motifs 

whereas the N-terminal region is more variable (Suske et al., 2005). The buttonhead box 

and the Sp box are also conserved structural domains characteristic of these proteins. 

Sp6 and Sp8 are specifically expressed in the limb ectoderm where they are 

together absolutely necessary for proximo-distal (PD) and DV patterning. The analysis 
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of the Sp8;Sp6 allelic series showed that this requirement is dose dependent and that Sp8 

makes a much greater contribution than Sp6, at least in part because Sp8 also controls 

Sp6 expression (Haro et al., 2014). The progressive reduction of Sp6;Sp8 gene dosage 

results in progressively more severe limb phenotypes that go from a mild syndactyly, to 

Split Hand Split Foot Malformation (SHFM), to oligodactyly, to truncation and finally to 

amelia. These malformations are also typically presented with bidorsal limb buds and 

digit tips. The molecular characterization of the Sp6;Sp8 mutant limb buds showed that a 

defective activation of Fgf8 and En1 was responsible for the phenotype. A reasonable 

conclusion of these studies, supported by some in vitro assays (Sahara et al., 2007), was 

that Sp8 is a direct transcriptional activator of Fgf8 and En1. However, the full repertoire 

of Sp8 target genes as well as the molecular mechanisms and genomic context whereby 

Sp8 regulates them are not completely known. 

Here, we have combined ChIP-seq and RNA-seq genome-wide analyses to 

identify Sp8 direct targets in vivo in the mouse limb ectoderm. These approaches revealed 

that Sp8 has a predominant activator role mainly executed from putative distal enhancers. 

The identification of the Sp8 regulatory network reveals that Sp8 is a master regulator of 

limb development regulating a set of crucial genes that include Fgf8, En1 and Wnt7a and 

provides valuable resources for better understanding limb development. Furthermore, 

using in silico motif analyses and functional studies we show that, in addition to binding 

DNA directly by recognizing the Sp consensus sequence (Sahara et al., 2007), Sp8 also 

binds DNA indirectly, through an interaction with Dlx5. Dlx5 is one of the six members 

of the Dlx gene family (Kraus and Lufkin, 2006), homologues of the Drosophila distal-

less, that has already been shown to mediate Sp7 transcriptional regulation in bone (Hojo 

et al., 2016). We propose that this dual DNA binding mechanism should be considered 

when evaluating the phenotypes observed both in Sp and Dlx mutants and related 

congenital malformations. 

 

 

RESULTS 

  

Generation of a Sp8-tagged knock-in mouse 

The genomic targets of Sp8 have not been previously mapped in the limb ectoderm or in 

any other cellular context. This is probably due to the lack of commercially available 

ChIP-grade antibodies for Sp8. To overcome this limitation and, thus, globally identify 
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Sp8 binding sites in the limb ectoderm, we generated a knock-in (KI) mouse in which the 

endogenous Sp8 gene was tagged with three copies of the FLAG (FL) epitope using 

homologous recombination (Sp8FL; Fig. 1A). This epitope was incorporated in frame at 

the C terminus of Sp8 protein, a strategy that has been widely used in ChIP-seq studies. 

Mice homozygous for the Sp8FL allele were viable and fertile and displayed no obvious 

phenotype indicating that the tagged protein was fully functional (Fig. 1B). Accordingly, 

the detection of the Sp8FL protein in immunofluorescence assays using the aFLAG M2 

antibody (Ref F1804, Sigma) was similar to that of the endogenous protein detected with 

an aSp8 antibody (Ref 104661, Santa Cruz) (Fig. S1A). The aFLAG antibody also 

readily detected the Sp8FL protein in western blots (Fig. S1B). Thus, the Sp8FL KI model 

provides a useful resource for future studies requiring detection of Sp8. 

 

Global mapping of Sp8 binding sites in the limb ectoderm 

Having generated the Sp8FL KI mice, we used ChIP-seq technology to investigate the 

genome-wide Sp8 occupancy in limb ectodermal cells. For this, the ectodermal hulls of 

E10.5 forelimb buds of homozygous Sp8FL embryos were isolated by mild trypsin 

digestion (see M&M). The E10.5 developmental stage was selected because it 

corresponds to a fully matured AER and coincides with the onset of the Sp8 null 

phenotype (Bell et al., 2003; Fernandez-Teran and Ros, 2008; Treichel et al., 2003). To 

reduce the size of the samples, and therefore the number of embryos required, we used 

the ChIPmentation procedure that combines ChIP and tagmentation and has proven 

highly efficient for low input samples (Schmidl et al., 2015). ChIPmentation was 

performed with 50 ectodermal hulls (approx. 7.5x105 cells) using the aFLAG M2 

antibody. Following next-generation sequencing, analysis of the ChIPmentation data 

resulted in the identification of 1,451 high-confidence Sp8 binding sites (Source Data 1).  

The quality and specificity of the identified Sp8 peaks was supported by (i) their 

high evolutionary conservation (Fig. S1C), (ii) their enrichment in H3K4me2, a histone 

mark characteristic of active enhancers and promoters (Fig. S1D), (iii) the significant 

overrepresentation of the expected binding motifs in the Sp8 peaks (Fig. S1E-F) and (iv) 

their reproducibility in a second ChIPmentation biological replicate experiment (Fig. 

S1G). Thus, an in-silico analysis of the sequence motifs in the Sp8 peaks identified a CG-

rich/Sp1 motif (E-value 5.9e-209) as the most over-represented one. This is in full 

agreement with the notion that all Sp family members share the same DNA consensus 
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binding sequence, frequently referred to as the GC box: 5'-CCGCCC-3' (Fig. S1E) 

(Suske, 1999). Interestingly, the second most enriched sequence was the AT-rich/Dlx5 

motif (E-value 5e-140), previously described as the preferential motif that enables Sp7 to 

indirectly bind DNA through its interaction with Dlx5 (Hojo et al., 2016). 

 

Sp8 binds proximal and distal regulatory elements with distinct functional and 

genetic features 

Being confident about the quality of our Sp8 binding profiles, we then mapped the 

locations of Sp8 peaks with respect to the nearest transcription start site (TSS). Sp8 peaks 

similarly distributed between proximal (48%, <5kb from TSS) and distal (52%, (>5kb 

from TSS) locations (Fig. 1C) indicating that Sp8 is able to execute its regulatory function 

in two different genomic contexts, promoters and distal cis-regulatory elements. Both 

proximal and distal Sp8 associated regions were enriched in H3K4me2 (Fig 1D), 

indicative of active promoters and enhancers, respectively (Ernst et al., 2011). However, 

this active state was more conspicuous and widespread among proximal regions (Fig. 

1D).  

To investigate possible functional and genetic differences depending on whether 

Sp8 binding occurred in proximal promoters or distal regulatory regions, we performed 

separate in silico analyses of proximal versus distal Sp8 peaks. Firstly, functional 

annotation of Sp8 peaks using GREAT (McLean et al., 2010) showed that proximal 

binding was predominantly associated with more general biologic processes, early 

embryonic expression patterns and diverse developmental abnormalities (Fig. 1E, Source 

Data 2). In contrast, distal binding sites were predominantly associated with canonical 

and non-canonical Wnt signaling and were linked to limb bud expression patterns and 

limb abnormalities (Fig. 1F, Source Data 2). Moreover, we also examined whether Sp8 

recognized different DNA sequences when binding proximal or distal regulatory sites. 

Similarly to what we found for all Sp8 bound peaks (Fig S1E-F), de novo motif analysis 

revealed that both proximal and distal elements were highly enriched in both the Sp 

family consensus CG-rich motif and the AT-rich/Dlx5 motif (Fig. 1G-H). However, 

while the CG-rich/Sp1 motif was the most abundant among proximal regions, distal 

elements were preferentially enriched in the AT-rich/Dlx5 motif. Together, these results 

suggest two different modes of Sp8 function: i) direct binding to DNA through the Sp 

consensus sequence mainly at proximal promoters to regulate general biological 

processes and ii) indirect binding through Dlx5 (and presumably other family members) 
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mainly at distal putative enhancers to regulate genes with more specific limb 

developmental functions.  

 

RNA-seq based detection of differentially expressed genes in wild type and Sp8 null 

limb bud ectoderm 

To further understand the developmental program controlled by Sp8 in the limb ectoderm, 

we compared the expression profiles of wild-type (WT) versus Sp8 deficient 

(Sp8CreERT2;14) limb bud ectoderms. We used a robust RNA-seq protocol for low-

abundance RNA (requirement of 500 pg. of total RNA) that allowed us to only use the 

two forelimb ectodermal hulls from one embryo for each of the three biological replicates. 

The samples were obtained from E10.5 WT and Sp8-null embryos from the same litter 

and of matched stage (see M&M for details). Differential gene expression revealed a total 

of 912 differentially expressed genes (DEG; Fig. 2A) of which 532 were downregulated 

and 380 upregulated in the Sp8KO indicating that Sp8 preferentially functions as an 

activator (Fig. 2A) (Source Data 3). All genes previously reported to be affected by the 

loss of Sp8, such as Fgf8, En1, Msx2, Rspo2 and Sp6 (Bell et al., 2003; Haro et al., 2014; 

Treichel et al., 2003) were included in the set of DEG, thus validating the quality of our 

RNA-seq data.  

 

Identification of Sp8 direct targets in the limb bud ectoderm 

To distinguish between direct and indirect Sp8 target genes, we intersected the RNA-seq 

and ChIPmentation datasets and identified 184 DEGs bound by Sp8 that were, therefore, 

considered as Sp8 direct target genes (Fig. 2B) (Source Data 4). Of them, 55 genes were 

repressed and 129 activated by Sp8, confirming that Sp8 predominantly functions as an 

activator in the limb ectoderm. In contrast to the equal genomic distribution of all Sp8 

peaks between TSS-proximal and distal regions (Fig. 1C), the Sp8 peaks associated with 

direct target genes showed a predominant distal distribution, both for repressed (75%) 

and activated (73%) genes (Fig. 2C). 

To gain additional insight into the mechanisms whereby Sp8 might regulate its 

direct target genes, we then performed de novo motif analysis separately on the set of Sp8 

peaks associated with either activated or repressed direct target genes. Interestingly, peaks 

associated with Sp8 activated genes were highly enriched in both AT-rich/Dlx5 (E-value 

9.5e-38) and GC-rich/Sp1 (E-value 1.2e-13) motifs (Fig. 2D). Sp8 peaks associated with 

repressed genes were enriched in a C-rich motif similar, but not identical, to the Sp1 
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consensus sequence (E-value 5.2e-13), while the over-representation of the AT-rich/Dlx5 

motif (E-value 9e-3) was considerably less pronounced (Fig. 2E). Collectively, our data 

indicate that Sp8 has a predominant activator role mainly executed from putative distal 

enhancers and involving the cooperation with Dlx5. Since, in addition, all previously 

known Sp8 targets were also activated by Sp8, further analyses focused on the set of 

genes directly activated by Sp8. 

 

Two modes of Sp8 action 

Our data provide strong evidence for Sp8 exerting its regulatory function either directly 

binding to the consensus GC-box sequence (Sp1-like motif) as previously demonstrated 

(Sahara et al., 2007) or indirectly engaging to the AT-rich/Dlx5 binding motif through 

the association with Dlx5 (Fig. 2D-E). To further evaluate this dual action, the Sp8 peaks 

associated with activated genes were categorized into four groups according to the 

presence of Sp and/or Dlx motifs (Fig. 2F; Source Data 5). This analysis showed that one 

third (33.33%) of the Sp8 regulatory regions contained CG-rich/Sp1 but not AT-

rich/Dlx5 sites whereas approximately another third (31.4%) contained AT-rich/Dlx5 but 

not CG-rich/Sp1 sites. The Sp8 peaks with only CG-rich/Sp1 sites were equally 

distributed between proximal (44%) and distal (56%) locations while the Sp8 peaks with 

only AT-rich/Dlx5 motifs were invariably located in distal regions. Another subset of Sp8 

regulatory regions (26.9%), showing a predominant distal location (60%), contained both 

Sp1-like and Dlx5 binding sites. Finally, a small percentage of regulatory regions (8.3%), 

all of them distally located, did not contain either Sp1-like or Dlx binding sites indicating 

a possible indirect recruitment of Sp8 through the interaction with additional TFs or a low 

percentage of false positive Sp8 peaks. 

 

Validation of selected Sp8 target genes  

In order to confirm that Sp8 directly regulates genes identified through the previous 

global analyses, we selected a subset of these genes based on their relevance in limb 

development and the type of Sp8 binding sites (Fig. 2F) found within their assigned Sp8 

regulatory region(s). The selected genes were subject to further analysis including in situ 

hybridization and, in some cases, examination of the enhancer activity of the assigned 

element in transgenic reporter assays.  

Among the genes regulated by peaks containing GC-rich/Sp1 but no AT-

rich/Dlx5 motifs, we selected Fgf8 and Sp6. The Sp8-peak assigned to Fgf8 was located 
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in the gene promoter (-326 bp) and contained several Sp1-like binding sites supporting 

direct regulation by Sp8. In the Sp8 mutant limb bud Fgf8 is initially activated but its 

expression decays concomitantly with the onset of the phenotype (Fig. 3A) (Bell et al., 

2003; Treichel et al., 2003). We have previously suggested that the initial transient 

expression of Fgf8 in the Sp8 null mutant depends on Sp6, because Fgf8 is never activated 

in double Sp6;Sp8 mutant limb buds. In Sp8 mutants, Sp6 expression initiates normally 

but is not maintained indicating that Sp8 may be required at later stages to maintain Sp6 

expression (Fig. 3B) (Haro et al., 2014). Accordingly, our analysis assigned an intragenic 

regulatory element, only containing Sp1-like binding sites, to Sp6 (Fig. 3B).  

Among the Sp8 direct targets whose assigned regulatory regions contained Dlx5 

but not Sp binding sites, we found several components of the Wnt pathway of which we 

selected Rspo2 and Fzd1 for further analysis. Rspo2 expression is undetectable in the Sp8 

mutant limb ectoderm by in situ hybridization, while other domains of expression in the 

mesoderm remained unaltered (Fig. 3C) (Bell et al., 2008). The putative Rspo2 enhancer 

was located 217 kb upstream from the TSS and showed partial activity in the limb 

ectoderm when assayed in transient mouse transgenesis (6 out of 15; Fig. 3C). Similarly, 

Fzd1 expression was undetectable in the Sp8 mutant limb ectoderm confirming its 

dependence on Sp8 regulation, presumably through two distal Sp8 binding regions, 

located 72 kb and 202 kb downstream of the TSS respectively (Fig. 3D). 

As Sp8 direct targets regulated by peaks containing both Sp-like and Dlx binding 

sites, we selected Wnt7a and En1, the major regulators of limb DV patterning. It is known 

that the expression of En1 in the ventral ectoderm rapidly decays in Sp8 mutants (13; Fig. 

3E) and is never detected in double Sp6;Sp8 double mutants (Haro et al., 2014). When 

tested in a transient transgenic reporter assay, the En1 enhancer displayed very specific 

and reproducible activity in the AER (3 out of 4; Fig. 3E). In Sp8 and compound Sp6;Sp8 

mutants, Wnt7a expression extends into the ventral limb ectoderm always in correlation 

with the reduced or absent En1 domain. Therefore, it was considered that the extension 

of Wnt7a domain in Sp8 mutants was an indirect effect mediated by the loss of En1 (Haro 

et al., 2014). However, here we show that Wnt7a is indeed a Sp8 direct target as its 

expression decreases in the mutant ectoderm according to both RNA-seq (FC=-2.2, p-

value=0) and in situ hybridization (Fig. 3F). The expression of the above analyzed genes 

in the mutant and wild type limb bud ectoderm, as calculated by RNA-seq (FPKM), is 

summarized in Fig 3G.  

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 27, 2020. ; https://doi.org/10.1101/2020.02.26.965178doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.26.965178


   10 

Other Sp8 direct targets potentially regulated through elements containing GC-

rich/Sp1, AT-rich/Dlx5 or both motifs included Bambi, Msx2 and Wnt5a (Fig. S2 and 

Source Data 5). In addition, Dlx5 and other family members were also identified as Sp8 

activated direct targets, as well as Sp8 itself (Fig. S2; Source Data 5). Altogether, our 

study shows that Sp8 directly regulates essential limb bud ectoderm genes, thus placing 

this TF as a master regulator of limb development. 

 

Sp8 as a co-factor of the Dlx family in the limb ectoderm 

The finding that the AT-rich/Dlx5 motif, but not the CG-rich/Sp1 sequence, was present 

in a considerable number of Sp8 regulatory regions (Fig. 2F) strongly suggested that Sp8 

might be indirectly recruited to some of its cis-regulatory targets through interactions with 

Dlx5, as reported for Sp7 in bone development (Hojo et al., 2016). Dlx5 is a member of 

the Dlx family which is expressed in the limb ectoderm and typically co-regulated with 

Dlx6 (Kraus and Lufkin, 2006). Remarkably, double Dlx5/Dlx6 knockout mice display a 

Split hand foot malformation (SHFM) phenotype similar to Sp6/Sp8 compound mutants 

that retain a functional copy of Sp8 (Haro et al., 2014; Robledo et al., 2002). Thus, a 

functional interaction between Sp8 and Dlx5, and presumably co-expressed members of 

these two families of TFs, seems a reasonable hypothesis to explore. 

The Dlx5-Sp8 interaction was first investigated by co-immunoprecipitation 

(CoIP) in heterologous HEK293 cells expressing epitope-tagged (FLAG or Myc) Sp8 and 

Dlx5 proteins. The results confirmed that Sp8 and Dlx5 physically interacted and the 

interaction required the ZF domain of Sp8 (Fig. 4A), similarly to Sp7 (Hojo et al., 2016). 

The functional relevance of this interaction was investigated with a luciferase reporter 

assay using a construct containing 12 tandem copies of the AT-rich/Dlx5 motif (kindly 

provided by Dr. McMahon (Hojo et al., 2016); Fig. 4B). It has been shown that co 

transfection with Sp7 dramatically potentiates Dlx5 driven reporter gene activity from 

this construct in NIH3T3 fibroblasts (3T3), indicating strong synergistic activity between 

Sp7 and Dlx5 (Hojo et al., 2016). However, Sp8 did not display any synergistic effect 

with Dlx5 in similar experiments but rather inhibited the Dlx5 dependent reporter activity 

suggesting that Sp8 functions as a repressor in this in vitro assay (Fig. 4B and Fig. S3A). 

This result is in high contrast with our genomic analysis and may reflect the inability of 

the cellular system to recapitulate the situation in the embryonic limb ectoderm. However, 

searching for an explanation for this discrepancy and given that Sp6 works together with 

Sp8 in the limb ectoderm (Haro et al., 2014) we decided to check the activity of Sp6 in 
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this experimental system. As for Sp8, CoIP experiments in heterologous HEK293 cells 

demonstrated that Sp6 also interacted with Dlx5 through its ZF domain (Fig. 4C). 

Interestingly, Sp6 transfection alone led to substantial reporter activation (Fig. 4B and 

Fig. S3B), which was further increased by co-transfection with Dlx5 (Fig. 4B) indicating 

that Sp6 and Sp8 are not functionally equivalent, contrary to the current understanding 

based on mouse genetics (Haro et al., 2014). The ability of Sp6 to activate alone a reporter 

construct that only contains copies of the AT-rich/Dlx5 motif but not of the CG-rich/Sp1 

sequence could be explained by the high expression levels of Dlx family members (Dlx1 

and Dlx2) in 3T3 cells (see M&M). Interestingly, co-expression of the three factors, Dlx5, 

Sp8 and Sp6, resulted in reporter activation comparable to that for Dlx5 alone, suggesting 

that the simultaneous presence of Sp8 and Sp6 might interfere with their individual 

interaction with Dlx5 (Fig. 4B). The specificity of the results of our luciferase assay was 

demonstrated by the lack of reporter expression in cells transfected with a reporter vector 

in which the AT-rich/Dlx5 motifs have been mutated (kindly provided by Dr. McMahon 

(Hojo et al., 2016); Fig. 4B).  

Based on the previous results and considering that Sp family members have been 

shown to heterodimerize (Pascal and Tjian, 1991), we decided to evaluate in more detail 

the Sp8/Sp6 protein-protein interaction by Bimolecular Fluorescent Complementation 

(BiFC). For this, Sp8 and Sp6 were fused in frame at their C-terminus to the Yellow 

Fluorescent Protein (YFP) or to the YFP N-terminal (YN; residues 1-172) or C-terminal 

(YC; residues 173-240) moieties (see M&M). As expected, Sp8 and Sp6 showed nuclear 

localization (Fig. S3C) and the BiFC assays revealed that both factors can homo and 

heterodimerize in the nucleus and that this interaction requires the ZF domain (Fig. 4D-

G). Heterodimerization between Sp8 and Sp6 was also confirmed by CoIP (Fig. 4H).  

The fact that Sp8 utilizes the same domain, the ZF, to recognize its cognate DNA 

sequence and to mediate protein interactions clearly reflects the complexity and context-

dependence of its regulatory function. This might explain how the function of Sp8 can be 

appraised as an activator in global genomic studies but as a repressor in individual in vitro 

reporter assays (see comments in Discussion). Collectively, our results support a model 

in which Sp8, Sp6 and Dlx5 act conjointly to regulate target genes with a final functional 

outcome that depends on the relative availability of the interacting TFs. 

 

 

DISCUSSION 
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Here, to determine the molecular mechanisms underlying Sp8 transcriptional activity in 

the limb ectoderm, we performed ChIPmentation and RNA-seq at a genome-wide scale. 

To distinguish functional from non-functional binding we intersected the Sp8 chromatin 

binding profile with the set of DEG upon knocking out Sp8. This strategy identified 184 

direct targets, the majority of which (70%) were activated by Sp8 mostly from distant 

regulatory elements (70%). In addition, by analyzing the binding motifs in the Sp8-

associated DNA regions and functional assays, we identify its dual and complex mode of 

action. The set of Sp8 activated direct targets included the major regulators of limb 

patterning in the ectoderm, underscoring Sp8 role as a master transcriptional regulator of 

limb development. 

 

The Sp8 regulatory network includes the major regulators of PD and DV patterning 

in the limb ectoderm. 

The ectoderm of the emerging limb bud is patterned in specific domains of gene 

expression. The ventral ectoderm expresses En1 whereas the dorsal ectoderm expresses 

Wnt7a. During normal development the AER always forms at the DV boundary 

evidencing the tight link between PD and DV patterning (Fernandez-Teran and Ros, 

2008). Mouse genetic experiments showed that Sp8 and Sp6 may be this link by 

regulating Fgf8 and En1 expression (Haro et al., 2014). Here we show how Sp8 performs 

this regulatory function and confirm that Fgf8 and En1 are Sp8 activated direct targets. 

The mouse Fgf8 promoter is considered to span about 700 bp upstream from the 

TSS and is decorated by promoter-associated histone marks in Fgf8-expressing tissues 

(Shen et al., 2012). Here, we extend previous in vitro reports (Sahara et al., 2007) by 

showing that the Sp8 control over Fgf8 is exerted through direct binding to GC boxes in 

its promoter. Because Sp family members share the same DNA binding sequence, it is 

likely that Sp6, and at later stages Sp9, also participate in the modulation of Fgf8 

expression (Haro et al., 2014; Kawakami et al., 2004) Fgf8 is also regulated by multiple 

enhancer modules located in a wide region centromeric to the gene (Marinić et al., 2013). 

Duplications of this genomic region cause the SHFM3 (OMIM 246560), considered to 

result from altered Fgf8 expression due to the disrupted genomic architecture. However, 

despite abundant Sp1-like binding sites, our analysis detected no Sp8 binding in this 

intricate regulatory ensemble. We also find that Sp8 activates En1 from a distally located 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 27, 2020. ; https://doi.org/10.1101/2020.02.26.965178doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.26.965178


   13 

enhancer that contains both Sp and Dlx5 binding motifs and that drives activity in the 

AER in mouse transgenic assays.  

In addition, our study also unexpectedly reveals that Wnt7a is a Sp8 activated 

direct target. In Sp8 mutants, Wnt7a expression extends to the ventral ectoderm in parallel 

to the loss of En1. However, disregarding the domain extension, the level of expression 

is notably reduced in Sp8 mutants and we identify a distal element, containing both Sp 

and Dlx5 binding motifs, through which Sp8 presumably regulates Wnt7a. These findings 

support Sp8 involvement in the connection between PD and DV patterning and add more 

complexity to DV patterning regulation. A major still open question is how Sp8, that is 

initially expressed throughout the whole limb ectoderm participates in the generation of 

the defined DV expression domains. 

 

Sp8 potentiates Wnt/βcatenin signaling in the limb ectoderm.  

Sp8 is a well-recognized mediator of the Wnt/βcatenin dependent induction of Fgf8 in 

the limb ectoderm and also in other systems such as the genital tubercle and the 

embryonic telencephalon (Haro et al., 2014; Lin et al., 2013; Sahara et al., 2007). 

Together with Sp5, Sp8 is also a mediator of Wnt/βcatenin dependent induction of 

neuromesodermal progenitors (Kennedy et al., 2016). Accordingly, our gene ontology 

analysis showed a significant enrichment of Wnt pathway components on genes assigned 

to distal Sp8 regulatory regions. We have particularly studied Rspo2 and Fzd1 which are 

regulated by Sp8 through distal located elements and very likely through Dlx5 interaction 

as these elements lack the typical Sp-binding sites. Rspo2 is a secreted agonist of the 

canonical WNT/βcatenin signaling pathway that prevents degradation of Fzd receptors 

by recruiting the Rnf43 and Znrf3 E3 ligases through or independently of Lgr4/5/6 genes 

(Lebensohn and Rohatgi, 2018; Szenker-Ravi et al., 2018). Fzd1 is a Wnt receptor 

predominantly expressed in the ventral limb ectoderm downstream of BMP signaling 

(Soshnikova et al., 2003). Through the transcriptional control of Rspo2 and Fzd1, Sp8 

potentiates Wnt signaling in the limb ectoderm, in addition of acting itself as a Wnt 

mediator (Haro et al., 2014; Kennedy et al., 2016; Lin et al., 2013). 

 

Sp8 has a dual mode of action 

An important conclusion of our study is the identification that Sp8 may execute its 

transcriptional regulation either directly binding to the consensus GC-box sequence or 

indirectly through association with Dlx5. All Sp family members were thought to share 
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the same DNA recognition site, the GC box (Suske et al., 2005), to which Sp8 has been 

demonstrated to bind (Sahara et al., 2007) but recently it was shown that Sp7 uses a 

distinct mode of action. Sp7 is unable to bind the Sp consensus motif and binds DNA 

though Dlx5 interaction (Hojo et al., 2016). Interestingly, de novo motif discovery in Sp8-

bound genomic regions, besides the expected overrepresentation of the Sp consensus 

motif, it also identified the AT-rich/Dlx5 motif as the second top scored motif. Moreover, 

the AT-rich/Dlx5 motif was the top scoring motif when only Sp8 activated direct targets 

were considered. These results strongly suggested that Sp8 could also bind DNA through 

Dlx5 association, a possibility that was sustained by the overlapping expression patterns 

of these TFs in the limb ectoderm and validated by CoIP experiments that also showed 

that this interaction requires the Sp8 ZF domain. In addition, Dlx and Sp genes share 

mutant phenotypes. Indeed the SHFM phenotype is characteristic of both the loss of 

Dlx5/6 and of the significant reduction in Sp6;Sp8 gene dosage (Haro et al., 2014; 

Robledo et al., 2002). 

Sp7 distinct mode of action is due to the presence of three variant amino acid 

residues in the ZF domain that impair the interaction with the GC-box while favoring Dlx 

binding (Hojo et al., 2016). Since, Sp8 does not share the Sp7 specific variants, we 

conclude that these variants are not required for Dlx5 interaction but rather act in 

impairing GC-box recognition. It is likely that all Sp family members, or at least those in 

the Sp6-Sp9 clade, are able to associate Dlx, as we have also demonstrated here for Sp6. 

Dlx proteins bind DNA through their homeodomain and their transcriptional 

activity may be modulated by other TFs such as Msx1/2 in craniofacial development 

(Satokata and Maas, 1994) and Sp7 in bone development (Hojo et al., 2016). During 

osteoblast specification, Sp7 is recruited to osteoblast enhancers by Dlx5 and possibly 

other family members. Here we present compelling evidence of a Dlx-Sp8 regulatory 

complex acting in the limb ectoderm, indicating that the Dlx-Sp complex may function 

in diverse cellular contexts. Indeed a Dlx-Sp module is highly conserved in evolution and 

has been shown to function during the development of vertebrate and insect (Estella and 

Mann, 2010; Franch-Marro et al., 2006) appendages as well as in the regeneration of the 

prototypic planarian eye (Lapan and Reddien, 2011).  

 

Complexity of Sp8 transcriptional regulation 

The results of the genomic analysis indicates that Sp8 predominantly functions as 

an activator while the luciferase assays indicate that it decreases Dlx5 transcriptional 
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activity although this negative effect was modified by the presence of Sp6.  This apparent 

discrepancy is likely due to the inability of the in vitro cellular system to replicate the 

situation in the limb ectoderm in vivo (e.g. differences in the repertoire of cofactors) and 

clearly reflects the complexity of Sp8 regulatory function. This complexity resides, at 

least in part, in Sp8 utilizing the ZF domain for both DNA and protein interactions. 

Therefore, the presence of cofactors may significantly influence Sp8 function favoring 

direct DNA binding versus interaction with other TFs or vice versa. Thus, in the limb 

ectoderm the interactions between Sp8, Sp6 and Dlx5 (and presumably other Sp and Dlx 

family members) may significantly and reciprocally impact their transcriptional 

regulatory activity depending on affinity and availability. An additional and critical level 

of complexity in Dlx-Sp interactions is given by the fact that Sp6 and all the Dlx genes 

are directly activated by Sp8. Thus, although in Sp8 mutants the repressor function of Sp8 

might be lost in regions containing only Dlx-binding sites, the concomitant decay of Sp6 

and Dlx would result in a net downregulation of the target genes associated with these 

regions. This could explain why in vivo Sp8 seems to preferentially act as an activator, 

regardless of whether its target genes are associated with regulatory elements containing 

Dlx or Sp1-like motifs.  

In summary, our study places Sp8 as a crucial regulator of limb development in 

the limb ectoderm and underscores the functional importance of the Dlx-Sp interactions 

that should be considered when evaluating the phenotypes observed both in Sp6/8 and 

Dlx5/6 mutants and related congenital malformations. 

 

 

MATERIAL AND METHODS 

Mouse embryos  

Wild type C57BL/6 mice and the Sp8FL and Sp8CreERT2 (Treichel et al., 2003) mouse 

strains were used in this study. Genotyping was performed using tail biopsies or 

embryonic membranes according to previously published reports (Haro et al., 2014). 

Embryos of the desired embryonic day were obtained by cesarean section. All animal 

procedures were conducted accordingly to the EU regulations and 3R principles and 

reviewed and approved by the Bioethics Committee of the University of Cantabria. All 

mice were maintained in a C57BL6 genetic background and genotyped by PCR protocols 

from tail biopsies or yolk sacs samples following standard protocols.  
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Sp8:3xFLAG knock-in mouse generation (Sp8FL)  

Three copies of the FLAG epitope (5’-

GACTACAAAGACCATGACGGTGATTATAAAGATCATGATATCGATTACAAG

GATGACGATGACAAG-3’) were inserted in frame at the 3’-terminal end of the Sp8 

gene with a stop codon (Fig. 1A). Mouse genomic fragments containing 5’ 

(chr12:118845063+118849869) and 3’ (chr12:118849873+118852808) homology arms 

were amplified from BAC clone by using high fidelity Taq polymerase and were 

sequentially assembled into a targeting vector together with recombination sites and 

selection markers (DTA and Neo cassette). Targeted ES clones were confirmed via 

Southern Blotting and some of them were selected for blastocyst microinjection (Cyagen 

Biosciences Inc., Santa Clara, California, US).  

 

Isolation of limb bud ectodermal hulls 

E10.5 forelimb buds were dissected in cold PBS and incubated in 0.25% trypsin 

(SV30037.01, GE Healthcare, Logan, Utah) on ice for 20 min. After a quick rinse in 10% 

FBS to inactivate trypsin, the limb buds were transferred to cold PBS where the ectoderm 

was separated from the mesoderm with fine forceps. 

 

Skeletal preparations, in situ hybridization in paraffin sections and 

immunofluorescence  

Alcian blue 8GX and Alizarin red skeletal staining was performed following standard 

protocols, cleared by KOH treatment and stored in glycerol. In situ hybridization was 

performed on paraffin sections with digoxigenin-labeled antisense riboprobes following 

standard procedures. Immunostaining was performed in cryostat sections (14 µm) using 

the mouse monoclonal anti FLAG M2 antibody (1:500; Ref F1804; Sigma-Aldrich, St 

Louis, Missouri) and the anti Sp8 C18 antibody (1:500; Ref 104661, Santa Cruz 

Biotechnology, Dallas, Texas) and then coupled with Alexa 488-conjugated anti-mouse 

IgG secondary antibody (1:500, Invitrogen, Molecular Probes, Eugene, Oregon). Slides 

were analyzed in a Leica Laser Scanning Confocal TCS-SP5 with a 63x 1.4 NA objective. 

 

Transgenic mice for LacZ activity  

The genomic region containing the regulatory elements of En1 (mm10, chromosome 

1:120,621,403-120,622,419) and Rspo2 (mm10, chromosome 15:43,388,035-

43,389,518) were PCR-amplified using specific primers containing XhoI restriction 
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enzyme sites and cloned into a vector carrying the β-globin minimal promoter and the 

LacZ coding sequence (pSK-LacZ; kindly provided by Denis Duboule lab). Transient 

transgenic embryos were harvested at E10.5 and only those embryos containing the  

reporter transgene were processed for detection of β-galactosidase activity according to 

standard procedures. 

 

Plasmids constructions 

Sp8 and Sp6 tagged with FLAG or Myc epitopes at their 5’ end were amplified by PCR 

and cloned into pcDNA3 including the appropriate restriction enzyme site to be fused at 

the 3’end to the full length YFP (1-240aa) or to its N-terminal (YN; 1-172aa) or C-

terminal (YC; 173-240aa) moieties. Deletion of the ZF domain of Sp8 (nt 353-486) and 

of the ZF domain of Sp6 (nt 254-336) was constructed by PCR strategy. The following 

clones were generated: FLAG-Sp8, FLAG-Sp6, HA-Sp6�ZF, Sp8-YFP, Sp8-YN, Sp8-

YC, Myc-Sp6-YFP, Myc-Sp6-YN, Myc-Sp6-YC, Myc-Sp8�ZF-YFP, Myc-Sp8�ZF-

YN, Myc-Sp8�ZF-YC. The Myc-Dlx5 and FLAG-Dlx5 clones were kindly provided by 

Dr. Andrew P. McMahon (Keck School of Medicine of the University of Southern 

California, Los Angeles, USA) (Hojo et al., 2016). The HA-Sp6�ZF clone was 

synthesized by NZYTech (Lisbon, Portugal). 

 

Bimolecular Fluorescent Complementation (BiFC) 

HEK293 cells were grown on microscope cover Glasses (Ø 18 mm) and transfected with 

PEI and 1 µg total DNA. To test for homodimerization, 500ng of indicated expression 

plasmids, each one with a complementary YFP moiety (e.g. Sp8-YN + Sp8-YC), were 

transfected. Single transfection of the protein fused with the complete YFP or with one 

of its moieties was used for positive and negative control. Transfected, cells were 

incubated with Hoechst33342 and confocal images (512x512 pixels; 0.15mm pixel size) 

were acquired sequentially on a SP5 laser-scan microscope (Leica) with a 63x 1.4 NA 

objective. Cells were excited sequentially with 405nm 514nm laser lines and fluorescence 

emission captured between 420-480nm (Hoechst) and 525-600nm (YFP). Images are 

presented after digital adjustment of curve levels (gamma) to maximize signal with 

ImageJ software. Fluorochromes and colors are as indicated in the figure legends. 

 

Co-immunoprecipitation, SDS-PAGE, and Western Blotting 
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HEK293 cells were co-transfected with the desired plasmids (1 µg total DNA) and lysed 

(20 mM Hepes (pH 7.5), 10 mM EGTA pH 8, 40 mM Glycerol-phosphate, 1% NP-40, 

2.5 mM MgCl2, 2 mM orthovanadate, 1 mM DTT, 1x PICS, 1 mM PMSF). CoIP was 

performed with 0.5-1mg of protein, 10 µL of Dynabeads™ Protein G (Thermo Fisher 

Scientific, 10004D) and 1μg of the desired antibody: FLAG-M2 (Sigma F1804) or MYC 

(Cell Signaling #2272) followed by SDS-PAGE analysis of protein products. FLAG-M2 

and MYC antibodies were used for immunoblotting and β-Actin (Santa Cruz Ref 47778) 

was used as loading control when needed. Results were confirmed in at least two 

independent experiments. 

 

Luciferase reporter assay. 

NIH 3T3 cells were plated at a density of 25,000 cells/cm2 (22Rv1) in 24-well plates and 

the next day were transfected by LipofectamineTM 3000 (L3000-008 Invitrogen by 

Thermo Fisher Scientific Life Technologies, Carlsbad, California) with 100 ng of firefly 

luciferase reporter p12xAT_luc or p12xAT_luc(Mut) (Hojo et al., 2016) 15 ng of the 

pRL-TK Renilla luciferase control plasmid (Promega) and 100ng (unless otherwise 

indicated) of Myc-Dlx5, FLAG-Sp8 or FLAG-Sp6 expression plasmids. 48 hours later, 

luciferase activity was measured with the DualGlo Stop&Glo luciferase assay system 

(Ref E2920 Promega, Madison, Wisconsin), according to manufacturer’s instructions. 

Expression profile of NIH 3T3 cells at 

(http://amp.pharm.mssm.edu/Harmonizome/gene_set/nih+3T3/BioGPS+Mouse+Cell+T

ype+and+Tissue+Gene+Expression+Profiles). 

 

ChIPmentation of Sp8 

ChIPmentation protocol was based on (Schmidl et al., 2015). In order to reduce 

background and unspecific binding, only the limb bud ectoderm was used. A total of 50 

ectoderms Sp8FLAG/FLAG were used for each TF ChIPmentation replicate (2 replicates). 

ChIPmentation (and ChIP-seq) sequencing reads were mapped to the mouse genome 

(mm10 assembly) using Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009). 

Duplicate reads were filtered, and only unique reads were considered. The resulting 

Binary Alignment/Map (BAM) files were then analyzed with MACS2 (Zhang et al., 

2008) using the following settings to identify genomic regions significantly enriched in 

the investigated proteins in comparison to the total genomic input DNA: q value 0.1; Fold 

change >3. Pearson Correlation coefficients of the two SP8 ChIPmentation biological 
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replicates were performed with the bamCorrelate tool from deepTools (bins mode and a 

bin size of 10 kb across the whole mouse genome) (Ramírez et al., 2014). For the 

generation of the heatmaps, BAM files were normalized as RPGC (reads per genome 

coverage) and then used to visualize scores associated with genomic regions using 

deepTools (Ramírez et al., 2014). Because of the higher signal to noise ratio, only the 

dataset of the first biological ChIPmentation sample (1,451 genomic regions) was used 

for further analysis. Average vertebrate PhastCons score profiles around the center of 

enhancer sequences were generated with the Conservation Plot tool from the Cistrome 

Analysis pipeline (http://cistrome.dfci.harvard.edu/ap/root) (Liu et al., 2011). 

 

Chip-seq for H3K4me2 

Chromatin Immunoprecipitation (ChIP) protocol was based on (Rehimi et al., 2017). Two 

replicates, each using 65 ectoderms of E10.5 wild type forelimbs and the ActiveMotif 39141 

antibody were performed.  

 

Genomic Regions Enrichment of Annotations Tool (GREAT) analysis 

For calculating the distribution of all the Sp8 peaks with respect to the TSS of annotated 

genes as well as for their in silico functional annotation analyses, we used the GREAT 

tool (GREAT 3.0.0) (McLean et al., 2010) with the “Basal Plus Extension Association 

Rule” settings. Proximal and Distal peaks were individually analyzed with the “Single 

Nearest Gene Association Rule” settings.  

 

Motif analysis 

De novo motif discovery analyses of Sp8 peaks were performed using the online tool 

MEME-ChIP (Version 5.0.1, http://meme-suite.org/tools/meme-chip) as described by 

(Ma et al., 2014). Input sequences were centered within summit regions of recovered 

intervals obtaining motifs that are between 6 and 20 bp wide with an E-value cut-off of 

>0.5 for the discovery of enriched motifs. 

For the prediction of potential TFBS, we used the MatInspector (MI) tool provided 

by Genomatrix software suite (Munich, Germany) (Cartharius et al., 2005). FASTA 

sequences of SP8 peaks were loaded into MI tool, being scanned for matches to a library 

based on position weight matrices (PWM), identifying putative binding sites (matrix 

similarity scores not less than 0.75/optimized). 
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RNA-seq 

Ectoderms from E10.5 wild-type and homozygous Sp8-null (Sp8Cre-ERT2 line) embryos 

were individually collected. Experiments were performed in triplicates and each replicate 

contained the 2 forelimb ectoderms of a single embryo. RNA was extracted with RNeasy-

Plus Micro Kit (Ref 74034 Qiagen GmbH, Hilden, GERMANY). Pre-amplification using 

the Ovation RNASeq System V2 was performed. Total RNA was used for first strand 

cDNA synthesis, using both poly(T) and random primers, followed by second strand 

synthesis and isothermal strand-displacement amplification. For library preparation, the 

Illumina Nextera XT DNA sample preparation protocol was used, with 1 ng cDNA input. 

After validation (Agilent 2200 TapeStation) and quantification (Invitrogen Qubit System) 

all six transcriptome libraries were pooled. The pool was quantified using the Peqlab 

KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence 

Detection and pooled on one lane of an Illumina HiSeq4000sequencing instrument with 

a 2x75 bp paired-end read length. 

To analyze the data, high-throughput next-generation sequencing analysis 

pipeline (Wagle et al., 2015) was used. Basic read quality check was performed using 

FastQC (Babraham Bioinformatics) and read statistics were obtained with SAMtools. 

Reads were mapped to the mouse reference assembly (GRCm38), using TopHat2 (Kim 

et al., 2013). Read count means, fold-change (FC) and values were calculated with 

DEseq2 (Anders and Huber, 2010) and gene expression for the individual samples was 

calculated with Cufflinks (Trapnell et al., 2010) as FPKMs, using in both cases genomic 

annotation from the Ensembl database. Differentially expressed genes (DEG) were 

obtained considering only genes with an Ensembl ID and an official Gene Symbol 

applying the following criteria:  

For Sp8 wild-type vs Sp8KO:  

• Up-regulated in Sp8KO: p-value<0.01, FC>1.5, FPKM in Sp8KO sample>0.1. 

• Down-regulated in Sp8KO: p-value<0.01, FC<1.5, FPKM in wild-type sample>0.1 

Sp6 expression was not properly calculated by the computational pipeline described 

above due to the presence of an antisense transcript that largely overlaps with Sp6 and 

that got assigned most of the RNA-seq reads (i.e. ENSMUSG00000087067). Since 

according to the RNA-seq data ENSMUSG00000087067 was downregulated in Sp8KO 

embryos and our RNA-seq data was not strand-specific, this indicates that Sp6 is indeed 

downregulated in Sp8KO embryos. This was further confirmed by ISH and is also 

supported by our previous findings (Haro et al., 2014). Therefore, Sp6 was manually 
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added to the list of genes identified as differentially expressed between WT and Sp8KO 

embryos by RNA-seq. Moreover, in Fig 3G, the FPKM values measured for 

ENSMUSG00000087067 were assigned to Sp6 instead. The original ChIP-seq and RNA-

seq data of this paper have been deposited in GEO and can be accessed with the 

GSE144733 accession number.  
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FIGURE LEGENDS 

 

Figure 1. Generation and validation of Sp8-3xFLAG knock-in mice and ChIP-seq 

genome-wide analysis of Sp8 DNA-binding profile in the limb bud ectoderm. 

A) Scheme showing the generation of the Sp8-3xFLAG (Sp8FL) allele by homologous 

recombination (homology arms in orange). Three copies of FLAG (dark blue) were 

introduced at the 3’-terminal end of the Sp8 gene before the STOP codon TGA (middle 

of third exon). Numbers 1, 2, 3 indicate Sp8 exons (white). B) Skeletal preparations of 

newborn mice failed to detect any difference between wild-type (WT), and Sp8FL hetero 

and homozygotes. C) Distribution of Sp8 peaks relative to the transcriptional start sites 

(TSSs). D) H3K4me3 ChIP-seq signal density around proximal and distal Sp8 peaks. E-

F) Proximal and distal Sp8 peaks were functionally annotated using GREAT (McLean et 

al., 2010). Only five of the twenty most overrepresented terms belonging to the following 

three major gene ontologies are shown: Biological Process (red), Mouse Genome 

Informatics (MGI) Expression: detected (green), and Mouse Phenotype (yellow). G-H) 

Most enriched motifs identified through de novo motif analysis of proximal and distal 

Sp8 peaks. 

 

Figure 2. Sp8 direct target genes 

A) Genes were plotted according to the average normalized RNA-seq read counts in WT 

and Sp8-null (Sp8Cre-ERT2) E10.5 limb bud ectoderms. Each gene is represented by a dot. 

Genes considered as significantly up and downregulated in the Sp8-null ectoderm are 

shown in red and blue, respectively. The name of some relevant genes is indicated. B) 

Integration of the Sp8 ChIP-seq dataset (pink) with the Sp8 regulated genes (RNA-seq) 

identified 184 direct target genes 55 repressed and 129 activated by Sp8. C) Comparison 

of the distribution of all Sp8 binding regions (pink) with those associated with repressed 

(green) and activated direct targets (purple). D-E) Most representative motifs uncovered 

through a de novo motif analysis of Sp8 peaks linked to repressed (D) and activated (E) 

Sp8-direct targets. F) Categorization of Sp8 regulatory regions according to the presence 

of Sp1-like and/or Dlx binding motifs. 

 

Figure 3. Validation of Sp8 activated direct targets. 

(A-F) For each of the indicated genes, the corresponding panels include a screenshot of 

the UCSC genome browser displaying the Sp8-associated regulatory module (green), the 
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Sp8 ChIPmentation track (blue), the H3K4me2 ChIP-seq track (red), the conservation 

track and the Sp-1 like (purple) and/or Dlx5-like binding motifs (orange) and, on the right, 

the in situ hybridization evaluation of the pattern of expression in longitudinal sections 

of the limb bud (transverse sections of the embryo) of Sp8-null versus control limb buds. 

The green arrow indicates the control AER and the red arrow indicates altered expression 

in the mutant AER and limb bud ectoderm. In addition, for Rspo2 (C) and En1 (E), the 

associated Sp8-regulatory regions (highlighted in blue) were evaluated in transient 

transgenic reporter assays. The Rspo2 associated regions showed activity in the ventral 

limb bud ectoderm (arrowheads), while En1 associated region showed activity in the limb 

bud ectoderm including the AER (arrow). G) Bar chart of average FPKM values (RNA-

seq) in Sp8-null and wild-type limb bud ectoderm. At least three mutant specimens per 

probe were examined. Error bars show standard errors. FL: fore limb; HL: hind limb. 

 

Figure 4. Characterization and functional analysis of Dlx5, Sp8 and Sp6 

interactions. 

A) Western blots after co-immunoprecipitation (Co-IP) show that Sp8 interacts with Dlx5 

in co-transfected HEK293 cells (left panel) and that this interaction requires the Sp8 ZF 

domain (right panel). B) Luciferase activity of the luciferase reporter construct containing 

12 tandem copies of the AT-rich/Dlx5 motif or this reporter with all the 12 copies mutated 

(Hojo et al., 2016) after co-transfection with Dlx5, Sp8 or Sp6 as indicated. Luciferase 

activity was normalized to Dlx5 and is shown as relative fold activation. Each experiment 

was performed in duplicate and was repeated at least three times. Error bars represent 

standard deviations calculated from the biological triplicates. *P<0.05 ***P<0.005. C) 

Western blots after co-immunoprecipitation (Co-IP) show that Sp6 interacts with Dlx5 in 

co-transfected HEK293 cells (left panel) and that this interaction requires the Sp6 ZF 

domain (right panel). D-G) Bimolecular fluorescence complementation (BiFC) showed 

that Sp8 and Sp6 form homo and heterodimers in the nucleus of HEK293 cells. Co-

transfected constructs indicated at the top. HEK293 cells were stained with Hoechst 

before analysis. For each experiment, the YFP channel (left panel) and Hoechst plus YFP 

channels (right panel) are shown. Scale bar: 10 μm. BiFC data are representative of at 

least three independent experiments. H) CoIP showing heterodimerization between Sp6 

and Sp8 (bottom). TL (Total Lysate), C- (Negative control), IP (Immunoprecipitation). 

Structural domains indicated at the bottom right. 
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Supplementary Figure 1. Validation of Sp8-3xFLAG knock-in mice and of the Sp8 

ChIP-seq. 

A) Immunofluorescence with anti-FLAG, and with anti Sp8-C18 antibodies in cryostat 

sections of in cryostat transverse sections of an E10.5 Sp8FL/FL embryo showing similar 

expression pattern in the neural tube (NT) and in the limb ectoderm. B) Western blot 

showing detection of Sp8FL in Sp8FL/FL but not in WT E10.5 embryos. C) Average 

vertebrate PhastCons score profiles around the center of Sp8 binding regions showing 

evolutionarily conservation. D) Heatmaps of H3K4me2 chromatin regulatory mark 

around Sp8 binding regions (+3 kb and -3 kb from the peak center). E) Sp family 

consensus binding motif. F) The three most significant sequence motifs enriched at Sp8 

ChIP-seq peaks identified by de novo motif analysis. G) To assess the reproducibility of 

our Sp8 ChIP-seq data, Sp8 peaks were identified in two independent Sp8 ChIP- seq 

experiments. The overlapping peaks in these two experiments were then used to visualize 

the Sp8 ChIP-seq signals in the two independent replicates as density heaptmaps (top) as 

well as to calculate the around the Pearson Correlation in ChIP-seq signals between the 

two replicates (bottom). 

 
 
Supplementary Figure 2. Validation of Sp8 direct target genes. 

A) Comparison by in situ hybridization in tissue sections of the pattern of expression of 

the genes indicated in Sp8-null versus control limb buds. All are longitudinal sections of 

the limb (transverse sections of the embryo). B) Bar chart comparing average FPKM 

values (RNA-seq) in Sp8-null and control limb bud ectoderms. Error bars show standard 

errors. 

 

Supplementary Figure 3. Functional analysis of Dlx5, Sp8 and Sp6 interactions and 

nuclear localization of Sp8 and Sp6. 

A) Luciferase activity of the luciferase reporter construct containing 12 tandem copies of 

the AT-rich/Dlx5 motif (Hojo et al., 2016) after co-transfection with Dlx5 (50ng) and 

growing concentrations of Sp8 as indicated. B) Luciferase activity of the luciferase 

reporter construct containing 12 tandem copies of the AT-rich/Dlx5 motif (Hojo et al., 

2016) after co-transfection with Dlx5 (50ng) and growing concentrations of Sp6 as 

indicated. Each experiment was performed in triplicate and was repeated at least three 

times. Error bars represent standard deviations calculated from the biological triplicates. 
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C) Bimolecular fluorescence complementation showing Sp8 and Sp6 nuclear localization 

in HEK293. Transfected construct indicated at the top. Scale bar: 10 μm 
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