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SUMMARY

Bone formation in extant species is restricted to vertebrate species. Sp7/Osterix is a key 

transcriptional determinant of bone-secreting osteoblasts. We performed Sp7 ChIP-seq analysis 

identifying a large set of predicted osteoblast enhancers and validated a subset of these in cell 

culture and transgenic mouse assays. Sp-family members bind GC-rich target sequences through 

their zinc finger domain. Several lines of evidence suggest Sp7 acts differently, engaging 

osteoblast targets in Dlx-containing regulatory complexes bound to AT-rich motifs. Amino acid 

differences in the Sp7 zinc finger domain reduce Sp7's affinity for the Sp-family consensus GC-

box target; Dlx5 binding maps to this domain of Sp7. The data support a model in which Dlx 

recruitment of Sp7 to osteoblast enhancers underlies Sp7-directed osteoblast specification. As an 

Sp7-like zinc finger variant is restricted to vertebrates, the emergence of an Sp7 member within 

the Sp family was likely closely coupled to evolution of the bone forming vertebrates.
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 INTRODUCTION

Mammalian bones form from three distinct cellular populations through two different 

developmental mechanisms (Olsen et al., 2000). Cranially, neural crest cells form facial 

bones and much of the skull. Paraxial mesoderm also contributes to the skull and generates 

the axial skeleton of the trunk. Finally, lateral plate mesoderm generates the appendicular 

limb skeleton. In the face and skull, intramembranous ossification is the predominant 

mechanism of osteogenesis. Here, mesenchymal osteoblasts condense and give rise directly 

to bone. The remainder of the boney skeleton forms through the secondary ossification of a 

cartilage template: the process of endochondral ossification. Regardless of cellular origin or 

mode of ossification, a common bone matrix-secreting cell type, the osteoblast, underlies 

bone development. Genetic studies demonstrate Runt-related transcription factor 2 (Runx2) 

(Komori et al., 1997) and Sp7/Osterix (Nakashima et al., 2002) are essential regulators of 

the osteoblast program: both Runx2- and Sp7-null mutants lack all bones in mice and 

mutations in these genes underlie bone diseases in man (Lapunzina et al., 2010; Mundlos et 

al., 1997).

In the osteoblast program, mesenchymal progenitors are initially committed to Runx2-

positive osteoblast precursors that transition to Runx2- and Sp7-double positive osteoblast 

progenitors before adopting a mature osteoblast phenotype. Runx2-positive osteoblast 

precursors are present but fail to differentiate into osteoblasts in Sp7-deficient mice whereas 

no Sp7 expression is observed in Runx2 deficient skeletal elements (Nakashima et al., 

2002). Thus, Sp7 acts genetically downstream of Runx2 in the regulatory hierarchy of 

specifying an osteoblast cell fate.

The molecular targets of Sp7 action in the osteoblast program are not well understood. A 

limited number of non-coding regions flanking Col1a1 (Koga et al., 2005; Nakashima et al., 
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2002), Col1a2 (Yano et al., 2014), Col5a1(Wu et al., 2010), Col5a3 (Yun-Feng et al., 2010), 

Dkk1 (Zhang et al., 2012a), Mmp13 (Meyer et al., 2015; Zhang et al., 2012b), Sost (Zhou et 

al., 2010), VEGF (Tang et al., 2012), and Runx2 (Kawane et al., 2014) have been identified 

as potential Sp7 associated cis-regulatory osteoblast enhancers. However, there has been no 

genomic scale identification of Sp7-directed osteogenesis.

The mechanism of Sp7's mode of action is also unclear. Sp7 is a member of the Sp family of 

transcriptional regulators (Nakashima et al., 2002). Each Sp family member contains a zinc 

finger domain that comprises three zinc fingers. In Sp1, the best studied member, the zinc 

finger domain binds directly at a GC-rich specific DNA recognition sequence (GGGCGG; 

the GC-box) (Kadonaga et al., 1986). ChIP-seq analysis of Sp1 and Sp2 nuclear interactions 

(Wang et al., 2012) and high throughput screening of protein-DNA bindings for Sp1, Sp3, 

and Sp4 (Hume et al., 2015; Wingender et al., 2013) have highlighted Sp-factor binding to a 

GC-rich target site. However, data are less clear for Sp7. Several in vitro binding studies 

argued that Sp7 shares a GC-box preference with other family members (Nakashima et al., 

2002; Yun-Feng et al., 2010; Zhang et al., 2012a; Zhang et al., 2012b; Yang et al.,2012), 

while other evidence failed to identify a GC-box preference (Hekmatnejad et al., 2013). Sp7 

is reported to also complex with other transcriptional regulators (Kawane et al., 2014; Koga 

et al., 2005); however, the significance of these protein-protein interactions has not been 

rigorously addressed in vivo. Here, we use several approaches to analyze Sp7's molecular 

interactions in the osteoblast program. Collectively, these data support an alternative model 

for Sp7 action in osteoblast specification. In addition the studies highlight the association of 

an Sp7-variant of the Sp family with vertebrate restricted bone formation.

 RESULTS

 Genome-wide analysis for Sp7-DNA association in osteoblasts

To identify Sp7's molecular interactions in vivo, we used gene-targeting strategies to 

generate an Sp7-Biotin-3xFLAG knock-in mouse (Sp7-BioFL mouse; Figure 1 A-C and 

Supplemental Experimental Procedure). This approach appends a biotin (Bio) recognition 

motif and 3 copies of the FLAG (FL) epitope, a motif that been broadly used in ChIP-seq 

studies (Yu et al., 2009), at the C-terminus of the Sp7 protein. Importantly, mice 

homozygous for the Sp7-BioFL allele were viable and displayed no obvious adult 

phenotype. Western blotting detected Sp7-BioFL at slightly reduced levels to wild-type Sp7 

protein (Figure 1 D) and immunohistochemistry on tibial section showed an equivalent 

temporal and spatial distribution to the unmodified protein (Figure 1E). In addition, skeletal 

development appeared normal in mice homozygous for the Sp7-BioFl allele (Figure 1F-H), 

and calvarial osteoblasts from these mice displayed similar levels of expression of Sp7 itself, 

and a number of osteoblast-related genes to mice with unaltered Sp7 alleles (Figure 1I). 

These data, together with DNA binding studies (see later) suggest that the BioFL epitope 

does not obviously impact the normal regulation or action of Sp7.

To obtain an Sp7-DNA association profile in an in vivo setting, we performed FLAG 

antibody-directed ChIP-seq analysis on Sp7-BioFL osteoblasts isolated from the mouse 

calvaria at postnatal day 1 (P1; Supplemental experimental procedures and Table. S1). 

Osteoblast isolation was optimized as shown in Figure S1A-C. The intersection of biological 
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replicates identified a stringent set of 2,112 Sp7-BioFL specific ChIP-seq peaks with a false 

discovery rate [FDR] cutoff of 0.01. Peak distribution analysis revealed that less than 7% of 

the Sp7 associated regions occurred within 5 kilobases (kb) of a transcription start sites 

(TSSs), suggesting longer-range interactions are the predominant feature of the Sp7 

regulatory program (Figure 2A). Sp7 associated regions were well conserved among 

different vertebrate species (Figure 2B). Figure 2C and 2D show screenshots of Sp7 

engagement around Col1a1 (Figure 2C), an essential osteoblast matrix protein encoding 

gene, and Runx2 (Figure 2D). In addition to strong interactions at previously characterized 

osteoblast specific enhancers for these key osteoblast genes (Bedalov et al., 1995; Kawane et 

al., 2014), Sp7 engaged at multiple additional sites around both genes suggesting a complex 

regulatory control of these targets. A GREAT-GO analysis was performed to annotate the 

peak set (McLean et al., 2010). Sp7 peaks showed a strong association around genes related 

to biological processes in skeletal system development, skeletal tissue-specific phenotypes 

and expressions in bone tissues consistent with Sp7's expected role in osteoblast regulatory 

programs (Figure 2E).

To ensure that this in vivo ChIP-seq data represented an appropriate target gene set, we 

performed a number of control experiments to examine the effects of FLAG epitope tagging. 

First, we compared ChIP-seq results in the MC3T3-E1 osteoblast cell line introducing Sp7 

forms epitope-tagged at either the N- (N-terminal FLAG tag) or C-terminus (C-terminal 

Biotin-FLAG tag; as in the in vivo targeted allele) (Figure S1D). An extensive overlap is 

observed in these data suggesting that FLAG tagging at different positions gives comparable 

outcomes. Second, we examined ChIP on wild-type calvarial osteoblasts using an anti-Sp7 

antibody. Though we obtained a weaker peak set in this approach, the majority of Sp7-Ab 

ChIP-seq peaks (95%) overlapped with the larger set identified by Sp7-BioFL ChIP-seq 

(Figure S1E). Further, the Sp7-Ab recovered peaks enriched for highly ranked peaks in the 

Sp7-BioFL dataset, and a strong positive correlation of peak signal was observed between 

Sp7-Ab-peaks and Sp7-BioFL-peaks in the overlapping regions (Figure S1F and S1G). As 

in other systems, epitope-tagging introducing a high affinity epitope for a well-characterized 

antibody likely optimizes for target recovery capturing physiologically relevant Sp7-DNA 

associations with a higher sensitivity than Sp7-Ab ChIP-seq. Hence, we used the 2,112 Sp7-

BioFL peaks for additional analysis.

To further understand the biological relevance of the Sp7 peaks to potential target gene 

expression in the osteoblast, we performed RNA-seq on FACS sorted GFP+ cranial 

osteoblasts isolated at P1 from Sp7-GFP transgenic mice (Rodda and McMahon, 2006; 

Figure S1H and S1I). Hierarchical clustering of osteoblast transcriptional profiles with 

profiles for chondrocytes and mouse embryonic fibroblasts (MEFs, GSM1173355 and 

GSM1173356 (Hou et al., 2013)) identified cell-type enriched gene expression signatures 

for osteoblasts, chondrocytes and MEFs (Figure S1J and Table S2; hereafter we refer to 

these gene sets as Ob-, Cho- and MEFs-genes, respectively). To examine engagement of Sp7 

around these gene sets, we first compared enrichment of Sp7 associated regions flanking 

each cell-type enriched group of genes. The analysis showed that Sp7 ChIP-seq signals were 

most enriched around Ob-genes (Figure 2F). Next, we divided each cell type-enriched gene 

set into two groups, those with Sp7 associated peaks and those without, comparing gene 

expressions in osteoblasts between each group. Ob-genes with associated Sp7 peaks were 
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more highly expressed than those without Sp7 peaks; no up-regulation of gene expression 

was observed in other comparisons (Figure 2G). These data suggest that Sp7 engagement 

with the osteoblast genome results in the positive regulation of Ob-enriched genes. Together 

these analyses indicate that the Sp7-DNA association profiles identify known regulatory 

elements and the broad features of the dataset suggest that Sp7 peaks provide a biologically 

relevant, genome-wide assessment of enhancer signatures underlying the Sp7 osteoblast 

program.

 Enhancer activity of Sp7 peak regions

Integrating the conservation score around a ChIP-seq peak, osteoblast expression of the 

nearest gene to an Sp7 associated region, and the strength of the Sp7 association 

approximated by ChIP-seq peak reads, we predicted 194 high-value, putative enhancer 

regions regulated by an Sp7 interaction (Table S3). To test selected regions, we took a 

stepwise strategy. We first verified cell-type specific activity of selected enhancer regions 

identified in the literature, around Col1a1, Runx2 and MMP13 (Bedalov et al., 1995; 

Kawane et al., 2014; Meyer et al., 2015) and a subset of additional Sp7-associated putative 

enhancer modules around each of these genes. Enhancer activity on a luciferase reporter was 

assayed on transfection into either NIH3T3 fibroblasts (3T3), or the MC3T3E1 pre-

osteoblast cell line, in the absence or presence of osteoblast-inducing osteogenic medium. 

Osteoblast marker genes were up-regulated upon osteoblast induction (Figure S2A). The 

assay confirmed osteoblast specific reporter activity for all known osteoblast enhancers and 

all newly identified putative cis-regulatory modules (Figure S2B-D; known enhancer were 

highlighted by asterisk). Thus, multiple enhancers likely mediate osteoblast activity of 

Col1a1 and Runx2 genes, although the regulatory strength of distinct cis-regulatory modules 

may vary considerably.

To address additional Sp7 targets, we focused on osteoblast-expressed genes with a strong 

association of Sp7: these included Notch2, Fgfr2, Col1a2, Gli2, and Kremmen1 (Figure 3A 

and Figure S2E-H). Of these, Notch2 is uniformly expressed in each cell type and broadly 

throughout the developing mouse skeleton where Notch2 is reported to maintain skeletal 

progenitors and regulate osteoblast differentiation (Long, 2012). Sp7 shows a very strong 

association with a conserved block of DNA in intron 2 of the Notch2 gene suggesting this 

region may direct Sp7-dependent, osteoblast specific regulation of Notch2 (Figure 3A).

To examine Sp7's role in driving reporter activity through the Notch2 enhancer, we 

examined enhancer driven reporter expression following osteoblast induction and lentiviral 

shRNA knock down of Sp7 in MC3T3E1 cells. Effective knockdown of Sp7 mRNA and Sp7 

protein levels was accomplished by two independent shSp7 target RNAs (shSp7#1 and 

shRNA#2; Figure S2I and S2J). The Notch2 intronic enhancer driven reporter activity was 

elevated in pre-osteoblastic MC3T3E1 cells compared to 3T3 cells and underwent a 

markedly enhanced activation upon osteogenic induction, and was suppressed by Sp7 

knockdown, consistent with Sp7-mediated osteoblast specific regulation through the 

identified Notch2 cis-regulatory region (Figure 3B).

To further examine enhancer activity, we generated a transgenic reporter mouse line 

expressing a lacZ-GFP fusion cassette (Peterson et al., 2012) under control of the identified 
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Notch2 enhancer region. Whole mount β-galactosidase staining showed reporter activity 

specific to developing skeletal tissues (Figure 3C-E). Further, immunohistochemistry on 

tissue sections revealed reporter activity restricted to a subset of Sp7 positive osteoblasts in 

both calvaria and long bones (Figure 3F and Figure S2K). Importantly, although endogenous 

Sp7 is expressed in both osteoblasts and pre-hypertrophic chondrocytes in the long bone, 

enhancer driven reporter activity was only detected in osteoblasts (Figure 3F).

In summary, the collective data indicate that the conserved Sp7-associated region within the 

intron of Notch2 encompasses a bona fide Sp7-dependent osteoblast-specific enhancer.

 De novo motif analysis predicts an AT-rich motif as the primary Sp7 genomic interaction 
site

Sp-family members share a conserved DNA binding zinc finger domain that binds a GC-box 

sequence (Suske, 1999). Given reports from in vitro studies that Sp7 interacts with a GC-box 

sequence (Nakashima et al., 2002), we expected this to be the primary enriched motif in the 

Sp7 ChIP-seq datasets. In contrast, both CisGenome (Ji et al., 2008) and DREME (Bailey, 

2011) analyses identified an AT-rich motif containing a putative homeodomain-response 

element as the most highly over-represented motif in de novo motif analysis mapping to 

67% of all Sp7 peaks (Figure 4A). In addition to this sequence, multiple other AT-rich 

motifs containing the homeodomain-response element showed a more modest enrichment in 

Sp7 peaks (Figure S3A). Importantly, all of these AT-rich motifs are positioned at the peak 

centers consistent with the motif regulating the primary association of Sp7 at its target site. 

A G-rich sequence, distinct from the GC-box, was weakly enriched but showed no centering 

within the Sp7 peaks (Figure 4A and Figure S3A). These data indicate Sp7 is unlikely to 

interact with a GC-box within target osteoblast enhancers but most likely interacts directly, 

or indirectly, through the AT-rich motif.

To test the biological relevance of the AT-rich motif in osteoblast, we generated a reporter 

containing twelve copies of the AT-rich motif and showed this sequence drove strong, Sp7-

dependent reporter activity on osteogenic induction of MC3T3E1 cells (Figure 4B). Further, 

mutagenesis of each TAATTA region to TGGCTA in the twelve tandem repeat reporter, and 

the two AT-rich motifs in the Notch2 enhancer reporter, abolished their reporter activations 

(Figure 4B and Figure S3C). Taken together, these findings suggest the primary site 

mediating Sp7's regulation of enhancer activity is the AT-rich motif, although it remains to 

be investigated whether Sp7 interacts directly at this site. The enrichment of other motifs 

supports the co-engagement of several other transcriptional regulators in Sp7 bound cis-

regulatory modules including Runx (motif 6 in Figure S3A and motif 2 in Figure S3B) and 

NFAT (motif 4 in Figure S3B) supporting published data on their shared interactions 

(Artigas et al., 2014; Koga et al., 2005).

 Dlx3, Dlx5 and Dlx6 are potential transcription factors as Sp7partner proteins

To determine if Sp7 bound the AT-rich motif, we performed EMSA but found no consistent 

evidence for a direct DNA-binding interaction (Figure 5F), suggesting an indirect interaction 

and requirement of the partner. To identify potential partners for Sp7, we examined 

osteoblast-enriched expression for 232 transcription factors annotated in the literature 
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(Berger et al., 2008) and through databases including UniProbe (Hume et al., 2015) and 

TFClass (Wingender et al., 2013) for their binding to AT-rich target sequences. Several of 

these showed enriched expression in osteoblasts versus chondrocytes or MEFs (Figure 4C), 

including three related homeodomain encoding transcriptional regulators, Dlx3, Dlx5 and 

Dlx6. These Dlx-family members are expressed in bone tissue, bind to a TAATTA 

homeobox response element well matched to the recovered AT-rich motif, and enhance 

osteoblast differentiation in vitro (Hume et al., 2015; Wingender et al., 2013; Li et al., 2008). 

Given that Dlx5 was the most highly expressed of these three factors (Table. S4), and 

interacts with Dlx5 in vitro (Kawane et al., 2014), we focused on Dlx5 as a candidate for 

facilitating Sp7 engagement at osteoblast enhancers.

Examining Dlx5 binding by EMSA to an oligonucleotide incorporating the two AT-rich 

sequences in the Notch2 enhancer sequence demonstrated a robust interaction (Figure 4D). 

Further, competition analysis demonstrated both sites engage with Dlx5 to maximize 

enhancer activity and target gene expression (Figure 4D). To directly address Dlx5 

interactions in the osteoblast, we infected the MC3T3E1 osteoblast cell line with either 

FLAG-tagged Dlx5 or BioFL-tagged Sp7, differentiated the cells in osteogenic medium and 

performed anti-FLAG-mediated ChIP-seq in replicate experiments recovering 24,365 and 

5,187 associated regions enriched in FLAG-Dlx5 and Sp7-FLAG datasets, respectively.

To address the biological relevance of these data, we first compared Sp7 peaks identified in 
vitro in the MC3T3E1 osteoblast cell line with those reported earlier from calvarial 

osteoblasts. A partial overlap highlighted the significant enrichment of skeletal system-

related terms in GREAT GO analysis (Figure S4A). Shared peaks had an higher average 

ChIP-seq signal (more sequence reads) overall than the entire set of peaks (Figure S4B). 

These results indicate the in vitro culture system gives a meaningful representation of 

osteoblast biology.

Comparing the Sp7 and Dlx5 ChIP-seq peak datasets obtained from MC3T3E1cells 

overexpressing Sp7-BioFL and FLAG-Dlx5, respectively, we observed a striking overlap: 

about 78% (4,070 out of 5,187) of the Sp7 peaks were shared with Dlx5 peaks; a screen shot 

of one osteoblast target Col1a1 illustrates their shared interaction signatures (Figure 4E and 

4F). Further, the analysis of Sp7-Dlx5 shared peaks included most of those identified 

intersecting MC3T3E1 cell and calvarial osteoblasts Sp7 ChIP-seq datasets (Figure S4C). 

Importantly, de novo motif analysis recovered an identical AT-rich sequence within both 

FLAG-Dlx5 and Sp7-FLAG ChIP-seq data from MC3T3E1 cells to that recovered from Sp7 

ChIP-seq in calvarial osteoblasts (Figure 4G). This motif was the most enriched in the top 

1,000 Dlx5, Sp7, and shared Sp7-Dlx5 peaks and mapped to peak centers as expected for the 

primary interaction site (Figure 4G). Heat map and scatterplots for Sp7 and Dlx5 peak 

signals showed a positive correlation between these datasets (Figure 4H). DAVID analysis 

identified skeletal system development-related genes as enriched terms in the Sp7-Dlx5 

associated regions, while no skeletal-related terms were enriched in those regions bound by 

FLAG-Dlx5 only (Figure S4D). These data support the conclusion that Sp7 associates with 

the osteoblast genome via homeodomain containing transcription factor partners such as 

Dlx5. The observed weaker peak recovery with Sp7-FLAG versus FLAG-Dlx5 (Figure 4H) 

Hojo et al. Page 7

Dev Cell. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



likely reflects secondary versus primary DNA interactions, respectively, for each 

transcription factor at the same target sites.

 Physical and biological interaction of Sp7 and Dlxs

To obtain a further insight into molecular mechanisms underlying Sp7-Dlx action, we 

performed a biochemical analysis of their interactions. First, we mapped their protein-

protein interaction domains through a series of truncations and co-immunoprecipitation (co-

IP) analyses. Co-IP in 293T cells showed that the Sp7 zinc finger domain and Dlx5 N-

terminal domain were crucial for protein-protein interaction (Figure 5A and 5B). Next, we 

performed co-transfection in vitro reporter assays utilizing constructs with twelve copies of 

the AT-rich motif demonstrating that Sp7 and Dlx5 had synergistic effects on reporter gene 

activity that was dependent on the predicted homeodomain DNA binding target site within 

the AT-rich motif (Figure 5C). Deletion of the Sp7 zinc finger domain did not alter Dlx5-

mediated reporter activity (Figure 5D), as expected if this form is unable to bind Dlx5 

(Figure 5D), In contrast, N-terminal deletion of Sp7 (amino acids 1-274) suppressed Dlx-5 

dependent reporter activity (Figure 5D). Sp7's transactivation domain has been localized to 

this N-terminal region (Nakashima et al., 2002) and this mutant formed physically interacts 

with Dlx5 (Figure 5A). The N-terminal domain of Dlx5 critical for the interaction with Sp7 

has been reported to recruit transactivation co-factors (Masuda et al., 2001). Together these 

data suggest that the N-terminal deleted form of Sp7 acts in a dominant-negative manner in 

this context and Sp7 is likely one such co-activator in osteoblasts where the N-terminal 

region of Sp7 likely functions to activate gene expression in targets bound by a Dlx5-Sp7 

regulatory complex. These data provide strong evidence that Sp7 acts through Dlx5, and 

potentially Dlx3 and Dlx6 as these family members are also specifically enriched in 

osteoblast progenitors. Sp7-Dlx regulatory complexes engaged at osteoblast enhancers 

through Dlx binding to AT-rich homeodomain-response elements within osteoblast 

enhancers are predicted to activate osteoblast target genes.

To directly examine the role of Dlx factors, we performed biochemical analysis and loss of 

function studies. EMSA showed a specific DNA interaction of three tandem AT-rich motifs 

with Dlx5 alone and with an Sp7-Dlx5 complex; as expected no interaction was observed 

with Sp7 alone (Figure 5E and 5F). The Sp7-Dlx5 interaction was competed by excess wild-

type oligomer (3xAT-rich WT, Figure 5E) in a dose-dependent manner (WT in Figure 5G). 

However, competitive binding was lost when all homeodomain target sites were mutated in 

the oligomer (Mut2 in Figure 5G), whereas competition was still observed on mutation of 

flanking nucleotides (Mut1in Figure 5G). Thus, Dlx5 associates directly with the core AT-

rich motif and Sp7 forms a ternary complex with Dlx5 bound to its target site. Comparable 

results were obtained between Sp7 and Sp7BioFL (Figure S4E).

Genetic studies have provided some evidence for Dlx action in osteoblasts; however 

combinatorial removal of all osteoblast enriched Dlx-factors is not possible with existing 

alleles due to the combinatorial requirement for Dlx activity for postnatal survival (Robledo 

et al., 2002). To address the combined roles of Dlx3, Dlx5 and Dlx6 on Sp7 engagement at 

osteoblast enhancers, we infected MC3T3E1 cells with lentivirus carrying shDlx3, shDlx5 

and shDlx6 knock-down cassettes, a retrovirus carrying an Sp7-BioFL expression cassette, 
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and then performed Sp7-FLAG ChIP-qPCR in the presence or absence of Dlx-member 

knock down (Figure 5H). RT-qPCR analysis demonstrated an 80% reduction of Dlx3, Dlx5 
and Dlx6 mRNA levels (Figure 5I), while Sp7 mRNA levels, and Sp7 and Sp7-BioFL 

protein levels were unaltered (Figure 5I and 5J). In this context, only combinatorial Dlx3, 5, 

6 knockdown lead to both a significant reduction in Sp7-FLAG enrichment in Notch2, 

Col1a2 and Runx2 osteoblast enhancers (Figure 5H) and reduced expression of these target 

genes (Figure 5I). Together, these results argue for a redundancy amongst Dlx-family 

members in mediating Sp7's activation of osteoblast enhancers.

 Distinct DNA binding action underlies Sp1 and Sp7 actions

Our results raised the question of whether Sp7 interaction with Dlx factors is distinct for Sp7 

or shared by other Sp family members. To address this question, we performed Sp1 ChIP-

seq in MC3T3E1 cells overexpressing Sp1-BioFL. Sp1-FLAG ChIP-seq identified 9,450 

Sp1binding regions in biological replicates. Less than 30% of Sp7 peaks were shared with 

this Sp1 peak set (Sp1-Sp7-shared peaks; Figure 6A). A GREAT-GO analysis showed that 

both Sp1-only and Sp1-Sp7-shared peaks were mainly located promoter proximal regions 

within 5 kb of the transcriptional start site, coupled to genes related to general cellular 

processes rather than osteoblast specific programs (Figure 6B and 6C). De novo motif 

analysis with the top 1,000 Sp1-only peaks identified an expected consensus GC-box, but no 

AT-rich motif (Figure 6D and Figure S5A). In the shared peaks, an EHF (Ets Homologous 

Factor) motif was the most enriched site, suggesting EHF factors may partner with both Sp1 

and Sp7. However, these peaks also failed to display an osteoblast-specific regulatory 

signature. Peak intersection revealed that about 25% of Sp1 peaks overlapped with Dlx5 

peaks but no correlation in Sp1 and Dlx5 ChIP-seq reads was observed within the shared 

peak datasets (Figure S5B and S5C) in striking contrast to the analysis of overlapping Sp7 

and Dlx5 peaks sets discussed earlier (Figure 4H). These results support distinct modes of 

action between Sp7 and Sp1 in osteoblast progenitors consistent with the strong Sp7 

associated osteoblast specific phenotypes.

To directly address these differences in GC-box recognition, previously a canonical property 

of Sp-family members, we compared Sp1 and Sp7 interaction by EMSA. Sp1's DNA 

binding activity maps to its ZF domain (Figure 6E; Suske, 1999). The analysis was 

performed with three different samples; (1) nuclear extracts from in vitro differentiated 

MC3T3E1 cell-derived osteoblasts (Figure S5D) and antibody supershift assays (Figure 

S6E), (2) in vitro translated proteins (Figure S5F and S5G), and (3) nuclear extracts from 

COS7 overexpressing N-terminal Myc-tagged Sp1 and Sp7 (Figure 6F).

We failed to obtain any strong reproducible Sp7 interaction under conditions that gave rise to 

consistent strong Sp1 interaction with the GC-box target (Figure 6F, S5D and S5F). 

Substitutions were then performed to introduce the Sp1 zinc finger domain into Sp7 

(Sp1ZFs/Sp7) and the Sp7 zinc finger domain into Sp1 (Sp7ZFs/Sp1). EMSA analysis 

showed the Sp1 ZF conferred GC box binding on the Sp1ZFs/Sp7 protein while DNA 

binding of Sp1 was lost when the Sp7 ZF containing Sp7ZFs/Sp1 chimeric protein (Figure 

6G). Importantly, an Sp1ZFs/Sp7-BioFL variant with the Sp1 ZF substitution in Sp7 and a 

C-terminal BioFL epitope tag positioned as in the protein produced by targeted Sp7-BioFL 
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allele in mice showed a strong interaction with the GC box motif and a strong supershift in 

EMSA assay on addition of anti-FLAG antibody (Figure 6H). Thus, it is differences within 

the ZF binding motif between Sp1 and Sp7, not epitope induced alterations in binding 

specificity or abrogation of Sp7-BioFL-DNA interactions associated with FLAG antibody 

association that underlie the failure to recover endogenous Sp7-BioFL interactions at GC 

motifs in calvarial osteoblasts in vivo.

The amino acid residues interacting with the GC-box recognition are positioned at −1, +3, 

and +6 of the alpha helical domain of each zinc finger of Sp family members (Figure 6E; 

Suske, 1999). Interestingly, three amino acids in the alpha helical domain distinguish Sp7 

from other Sp family members; A305, E339 and Q370 (Figure 6E). We speculated these 

differences may contribute to the loss of a GC-box binding preference in Sp7. Consistent 

with this view, mutating the three variant amino acid to conform to their Sp1 counterparts 

(A305T, E339Q and Q370I in Sp7) conferred GC-box recognition on the mutated Sp7 

protein (Figure 6G). In contrast, mutating just one amino acid to an Sp1-like preference at 

A305T, a glycosylated amino acid in Sp1; (Chung et al., 2008) did not confer GC-box 

recognition on Sp7 (Figure S5H and S5I). These results suggest that combinational amino-

acid differences within the zinc finger domain of an ancestral Sp family member contributed 

to the loss of GC-box binding preference in the Sp7 variant of the Sp family.

To determine to what extent these amino acids differences contributed to the distinct mode 

of Sp7 action, we performed ChIP-seq for the Sp7 mutant carrying A305T, E339Q, and 

Q370I (Sp7-Mut-FLAG) in MC3T3E1 cells comparing this ChIP-seq signature with those 

obtained with Sp1 and Sp7. Sp7-Mut-FLAG ChIP-seq identified 8,665 peak regions in 

biological replicates. While enrichment of the AT-rich motif was still observed in the Sp7 

mutant peaks, a weak centering of GC-box at their peak centers was also observed (Figure 

S5J). Thus, the tested amino acid variants within Sp7's ZF domain contribute, but only 

partially, to Sp7's distinct mode of action. Further, co-expression of an Sp7ZF/Sp1 chimeric 

protein encoding construct with Dlx5 did not induce osteoblast marker genes in C3H10T1/2 

cells, a stromal cell line with osteogenic potential (Katagiri et al., 1990), in contrast to wild-

type Sp7 (Figure S5K). Together, these data suggest that differences in both the N-terminal 

transactivation domain and ZF domain of Sp7 are likely critical for the acquisition of Sp7's 

unique osteoblast determining role.

 Potential linkage between the Sp7 variant and origin of boney vertebrate evolution

To determine how the appearance of an Sp7-specific zinc finger variant relates to extant 

bone forming vertebrates, we aligned the most closely related Sp-counterpart to mammalian 

Sp7 in non bone-forming protochordates, with the Sp7 protein sequence from several bone-

forming vertebrates. Interestingly, the protochordates conserve an Sp1-like set of amino 

acids in the ZF (Figure 7A) suggesting a binding vertebrate Sp1-like action. In contrast, 

jawed fish, including the basal elephant shark, have dermal bone (Venkatesh et al., 2014) and 

the bone-associated Sp7 zinc finger variant (Figure 7A). Thus, the acquisition of this distinct 

Sp-family member may have played a central role in the emergence of bone-forming 

osteoblasts in the vertebrate evolutionary process (Figure 7B and 7C).
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 DISCUSSION

Mammalian skeletal development is critically dependent on a small number of 

transcriptional regulators (Long, 2012). Sox9 is initially required for the establishment of a 

skeletal primordium and subsequent chondrocyte differentiation, while Sp7 and Runx2 are 

the two central transcriptional determinants of the vertebrate osteoblast program. The current 

study gives an insight into the Sp7 regulatory landscape in mammalian osteoblast 

development and the mechanism by which Sp7 exerts its osteogenic role.

First, long-range genomic interactions (> 5kb) appear to be a predominant feature of the Sp7 

regulatory program based on the relationship of cis-regulatory modules and putative 

promoter targets. Sp7 ChIP-seq identified a number of previously documented Sp7-

dependent enhancers and in addition the data predict a large number of osteoblast enhancers 

several of which demonstrated Sp7-dependent osteoblast activity in cell culture and 

transgenic mouse assays. The enrichment of predicted motifs bound by Runx2 and other key 

bone regulatory factors suggests the integration of osteoblast regulatory information through 

identified cis-regulatory modules. Second, Sp7 targets osteoblast genes that encode 

osteoblast regulatory factors, signaling components and extracellular matrix proteins known 

to play important roles in bone development. Third, the data provides strong evidence for an 

unexpected mode of Sp7 action that distinguishes Sp7 from other Sp members. Whereas Sp1 

and other family members bind a consensus GC-box sequence directly (Suske, 1999), we 

found no evidence of this mechanism in the analysis of Sp7's regulatory action in vivo. 

Instead, the primary site of engagement present at the center of most ChIP-seq peaks is an 

AT-rich motif similar to a homeodomain-response element. Fourth, the analysis of 

comparative ChIP-seq studies, in vivo osteoblast gene expression, and protein-protein and 

DNA-protein interactions all indicate that Sp7 does not directly engage DNA but interacts 

with its targets through Dlx-family members directly bound to the recovered AT-rich target 

sequence. Given the importance of the N-terminal transcriptional activation domain in Sp7 

for Sp7-mediated up-regulation of Dlx-targets, we predict Sp7 acts as a transcriptional co-

activator in a Dlx-directed process of osteoblast development.

 Mode of Sp7 action

In this model, Dlx-members bind through their homeodomain to the core AT-rich motif that 

is highly enriched in Sp7 and Dlx5 ChIP-seq datasets. Sp7 engages Dlx factors directly 

through its zinc fingers where several key amino acid substitutions distinguish Sp7 from 

other Sp-family members. Analysis of three highly conserved amino acid changes, one in 

each zinc finger, suggest these variants contribute to reducing the affinity of Sp7 binding to 

the GC-box Sp-family consensus target site. The three amino acids, A305, E339 and Q370, 

are located adjacent to amino acids directly engaging DNA in alpha helices of the zinc 

fingers of Sp1, and other family members. These changes may disrupt a secondary structure 

essential for DNA binding. Interestingly, substituting these three amino acids with the 

cognate amino acids in Sp1 is sufficient to partially restore GC-box binding in vitro in 

EMSA assays though these changes are not sufficient to direct an Sp1-like profile of DNA 

interactions to Sp7 in ChIP-seq studies in an osteoblast cell line. Consequently, other amino-

acid changes between Sp7 and Sp1 are critical for distinguishing Sp7's mode of action.
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Collectively, the data favor a major interaction between Sp7 and Dlx5, and likely the related 

osteoblast-enriched Dlx-family members, Dlx3 and 6. Sp7 binds Dlx5, and importantly the 

Sp7 associated genome in MC3T3E1-derived osteoblasts is almost entirely contained within 

Dlx5 bound target regions. Proving a Dlx-requirement for Sp7 action genetically is difficult 

given the co-expression of three family members and early lethality of compound mutants, 

although multiple knockdown of these Dlx members led to a reduction in Sp7 engagement, 

and Sp7-dependent osteoblast target gene expression, in the MC3T3E1 osteoblast cell line. 

In the mouse, Dlx5/6 compound mutants do exhibit impaired bone formation; Runx2 is 

present, as in Sp7 mutants, but Bglap, a mature osteoblast marker is not expressed within the 

scapula (Robledo et al., 2002). A more definitive insight will likely require conditional 

approaches to modulate Dlx3, 5 and 6 activities in developing osteoblasts in vivo. Further, 

we cannot exclude the possibility of other homeodomain transcription factors acting in 

conjunction with Sp7. Msx1/2, Satb2 and Alx4 are all highly expressed in osteoblasts and 

may bind to similar homeobox-responsive elements as Dlx's factors in skeletal development 

(Stains and Civitelli, 2003; Karsenty, 2008)

 Sp7-mediated gene regulatory network

The large set of Sp7 associated regions identified in vivo provides an insight into the 

osteoblast regulatory program. A number of groups have indicated Sp7 binding to GC-boxes 

or GC-rich sequences similar to the GC-boxes close to the TSS of a number of osteoblast 

targets including Col1a1 (Koga et al., 2005; Nakashima et al., 2002), Col1a2 (Yano et al., 

2014), Col5a1(Wu et al., 2010), Col5a3 (Yun-Feng et al., 2010), Dkk1 (Zhang et al., 2012a), 

and Mmp13 (Zhang et al., 2012b). However, we failed to recover significant Sp7 binding to 

any of these regions in osteoblasts in vivo. This could reflect differences in the 

developmental timing of osteoblasts in our study; our in vivo analysis addressed a mixed 

population of early osteoblasts present within clavaria of the neonatal mouse. Although our 

analysis suggests that the epitope tagging strategy did not impact synthetic DNA interactions 

in Sp1ZF-Sp7 chimeric proteins, we can not rule out that our approach failed to detect a GC-

binding subset of Sp7 interactions. However, considering the body of the evidence herein, 

we think this is unlikely and earlier reports of Sp7 interaction with a GC-box sequence in 
vitro may not reflect Sp7 interactions in normal osteoblast development.

 Evolutionary establishment of osteoblast gene regulatory networks

An evolutionary view provides an insight into the establishment of osteoblast gene 

regulatory networks. In the mouse, both cartilage and bone formation depend on the early 

action of Sox9 in skeletal primordia (Long, 2012). SoxE, the ancestor of Sox9, is present in 

pharyngeal endodermal cells in hemichordates prior to the appearance of cartilage and bone 

(Fisher and Franz-Odendaal, 2012). These cells synthesize fibrillary collagen. Osteoblast 

specification upstream of Sp7 action, and mature cartilage programs, depend on Runx2 

action in the mouse (Komori et al., 1997). Runx genes likely played an early role in cartilage 

programs with additional skeletal genes being required to establish the earliest osteoblast 

gene networks (Fisher and Franz-Odendaal, 2012). In agreement with this view, the 

cephalochordate Amphioxus forms cartilage but not bone. A single Runx gene is expressed 

in pharyngeal endoderm of Amphioxus; the potential source of pharyngeal skeletal elements 

(Fisher and Franz-Odendaal, 2012). Dlx orthologues exist in Drosophila. Multiple 

Hojo et al. Page 12

Dev Cell. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



paralogues of Dlx genes have arisen in vertebrates through tandem and whole genome 

duplications and these members regulate a number of developmental processes in addition to 

skeletal development (Takechi et al., 2013). The appearance of Sp7, favoring protein-protein 

interaction with Dlx-factors over direct GC box interactions, may have been a key switch in 

the transition of skeletal progenitors to an osteoblast-like cell type. Comparative analysis of 

extant species identifies an Sp7-like zinc finger variant in all major vertebrate groups, but 

none has been identified to date outside of vertebrates. Thus, unlike other osteoblast related 

regulatory factors, there is a close linkage of Sp7 to bone forming ability. Given pre-existing 

Dlx-factors, Sp7 may have acted to stabilize or enhance Dlx's transcriptional role on distinct 

targets within the skeletal regulatory genome. The absence of a documented Sp7 gene in 

several vertebrate species may reflect a secondary loss of Sp7, and Sp7 independent 

mechanisms of bone development, or technical issues with sequence coverage/alignment in 

species with poorly annotated genomes.

 Conserved architecture of gene regulatory networks in vitro and in vivo

Our study highlights the strengths and limitation of in vivo and in vitro analysis of gene 

regulatory networks. The absence of available antibodies and requirement of relatively large 

number of input cells are challenges to the broad use of factor-specific ChIP-seq on rare cell 

types, or those that are difficult to isolate such as matrix embedded osteoblasts. Here, we 

overcame the limitation of Sp7 antibodies by tagging the Sp7 gene through gene-targeting 

(Yu et al., 2009), which enabled us to generate a decent ChIP-seq dataset. Although the Sp7-

BioFL protein level was somewhat reduced relative to wild-type Sp7 protein, several studies 

support the conclusion that Sp7 tagging did not markedly alter Sp7's osteogenic action. 

Clearly, recent gene-editing approaches should facilitate more widespread adoption of this 

approach. ChIP-seq analysis of Sp7 and Dlx5 actions in the MC3T3E1 osteoblast line 

facilitated rapid hypothesis testing but comparison of data from this cell line with data 

generated from in vivo purified osteoblasts reveals a less well-delineated osteoblast network. 

While some differences may be real regulatory differences, reflecting for example the 

variability in osteoblast makeup between in vitro and in vivo populations, it is likely most 

differences reflect artificial regulatory interactions induced in vitro by the abnormal 

environment, or through in vitro propagated genetic changes. This underscores the 

importance of assessing cells in their normal setting to establish the most biologically 

meaningful mammalian transcriptional regulatory networks.

 EXPERIMENTAL PROCEDURES

 Generation of Sp7-BioFL mouse

The targeting strategy used to generate the Biotin-3xFLAG knock-in Sp7 allele is provided 

in the Supplemental Experimental Procedures. All experiments in this study were carried out 

in accordance with recommendations in the Guide for the Care and Use of Laboratory 

Animals of the National Institute of Health, USA. All procedures were approved by the 

Institutional Animal Care and Use Committee of The University of Southern California. Los 

Angeles, CA (IACUC #11830 and #11892).
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 ChIP-seq

ChIP was performed according to Peterson et al., 2012 with minor modifications. The 

construction of ChIP-seq libraries was performed with a ThruPLEX®-FD Prep Kit (R40012, 

Rubicon Genomics) according to the manufacturer's instruction. The library was sequenced 

on Hiseq2000 and NextSeq500 (Illumina) platforms.

 ChIP-seq data analysis

DNA-sequence information was aligned to the unmasked mouse genome reference sequence 

mm9 by bowtie aligner (Langmead et al., 2009). Peak calling was performed by two-sample 

analysis on CisGenome software (Ji et al., 2008) with a P-value cutoff of 10−5 comparing 

with the input control without antibody immunoprecipitation. Peaks were incorporated into 

further analysis displaying an FDR<0.01. For peak distribution in genome and gene 

ontology analysis, GREAT GO analysis was performed utilizing the online GREAT GO 

program, version 2.0.2 (McLean et al., 2010). Each peak category was run against whole 

genome background with assembly mm9. de novo motif analysis were performed using the 

Gibbs motif sampler provided in the CisGenome package (Ji et al., 2008), and DREME 

(Bailey, 2011). A 100 bp region surrounding peak center was extracted from mm9 and used 

for these analyses.

 ChIP-qPCR and RT-qPCR

ChIP-qPCR and RT-qPCR were performed with SYBR Premix Ex Taq II (Takara, RR820). 

Primer sequences are shown in Table S5. Detailed methods and antibodies used are 

described in the Supplemental Experimental Procedure.

 Reporter analysis

The genomic regions used for the reporter analyses are shown in Table S6. G0 transgenic 

analysis for the Notch2 enhancer was performed using Hsp68-lacZ::nGFP reporter construct 

as previously described (Peterson et al., 2012). Detailed methods are described in the 

Supplemental Experimental Procedure.

 Immunostaining

Tissues were fixed in 4% paraformaldehyde (PFA)/PBS for 1 hour at 4 °C and soaked in 

30% sucrose/PBS overnight at 4 °C. After embedding in OCT compound, cryosections were 

cut at 12 μm intervals. Sections were blocked with 3% bovine serum albumin (A7960, 

Sigma-Aldrich) and 1% heat inactivated sheep serum (S2263, Sigma-Aldrich) in PBST. The 

antibodies used for immunostaining are shown in the Supplemental Experimental Procedure.

 EMSA

EMSA was performed using a Light Shift Chemiluminescent EMSA Kit (20148; Fisher 

Scientific, Hampton, NH), according to the manufacturer's instruction. DNA probes labeled 

with Biotin were synthesized by Integrated DNA Technologies, Inc. (IDT, Coralville, IA). 

The sequences of probes are shown in Table S5. Detailed methods and antibodies used are 

described in the Supplemental Experimental Procedure.
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 Co-immunoprecipitation, SDS-PAGE and western blotting

Nuclear extracts were obtained with a Nuclear Complex Co-IP Kit (54001, Active motif) 

according to the manufacturer's instruction. Co-IP was performed using 500 ug of nuclear 

extract, fifty microliters of Dynabeads M-280 Sheep Anti-Mouse IgG (11201D, Life 

technologies) and five microgram of Anti-FLAG M2 antibody (F1804, Sigma-Aldrich), 

followed by SDS-PAGE analysis of protein products. The antibodies used for 

immunoblotting are shown in the Supplemental Experimental Procedure.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Sp7 genome-wide analysis identified osteoblast enhancers in calvarial 

osteoblasts

• Motif recovery and functional analysis indicates Sp7 acts through an 

AT-rich motif

• Sp7 indirectly engages the AT-rich motif through a Dlx-complex

• The Sp7 Sp-family variant correlates with the emergence of bone 

forming vertebrates
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Figure 1. Generation, characterization and validation of an Sp7 Biotin-3xFLAG knock-in mouse 
strain
(A) Targeting strategy.

(B) Long-range PCR analysis of Sp7 knock in allele using primers indicated in (A). P1-P2 

and P3-P4 are targeted allele specifc, whereas P1-P5 detects targeted and wild-type (WT) 

alleles.

(C) PCR genotyping of Sp7-BioFLneo and Sp7-BioFL mice obtained by crossing Sp7-

BioFLneo mice to Sox2-Cre mice (see A). P6 and P8 primers yield amplification products of 

approximately 2 kb, 580 bp, and 300 bp for BioFL-neo, BioFL, and WT Sp7 alleles, 

respectively. P6 and P7 primers amplify a 240 bp BioFL dependent product.

(D) Western blot comparison of Sp7 and Sp7-BioFL in neonatal calvarial cells. Red arrow: 

Sp7-BioFL protein; black arrow: Sp7 protein.

(E) Sp7 and the FLAG-tag detection in tibial sections of P1 Sp7-BioFL pup. Scale bar, 300 

μm

(F and G) Alcian blue (cartilage) and alizarin red (mineralized tissue) stained skeletal 

elements of P1 pups.

(H) Histological analysis of von Kossa stained calcified bone matrix (black) and alcian blue 

stained cartilage. Scale bar, 100 μm
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(I) RT-qPCR of osteoblast markers in MEFs and primary osteoblasts isolated from neonatal 

calvaria of wild-type and Sp7BioFL/BioFL mice at P1.

See also Supplemental Experimental Procedures.
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Figure 2. Genome-wide analysis of Sp7 association profiles in osteoblasts
(A) Genome-wide distribution of Sp7 associated regions relative to transcriptional start sites 

(TSSs).

(B) Phastcon score highlighting conservation of aligned regions (Y-axis) relative to peak 

centers (X-axis).

(C and D) CisGenome browser screenshots showing Sp7 engagement around Col1a1 and 

Runx2. Asterisk (*) highlights a previously verified cis-regulatory region (Bedalov et al., 
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1995; Kawane et al., 2014). WT-FLAG shows FLAG immunoprecipitation in wild-type 

osteoblasts as a negative control.

(E) GREAT Gene Ontology (GO) and MGI expression annotations of Sp7 peaks showing 

top five enriched terms.

(F) Relationship of Sp7 ChIP-seq peak signals to expression level of nearest neighboring 

gene (10 Mb window) comparing MEFs, chondrocytes and osteoblasts.

(G) Comparison of MEF-, chondrocyte- and osteoblast-enriched gene sets (rpkm >2) to 

osteoblast-associated Sp7 engagement.

See also Figures S1, Table S2 and S3
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Figure 3. Enhancer analysis for Sp7 targets
(A) CisGenome browser view of Sp7 associated peak within Notch2 (zoom view below).

(B) Luciferase reporter comparing the activity of the putative Notch2 enhancer region in (A) 

in 3T3 cells, pre-osteogenic MC3T3E1 cells (pre-induction) and MC3T3E1 cells post 

osteoblast induction. Sp7 dependence was demonstrated by lentiviral infection of MC3T3E1 

cells expressing short hairpin (sh)-Control or two independent sh-Sp7 (#1 and #2) RNAs. 

Data show means ± SDs from triplicate experiments.
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(C, D, E) β-galacotsidase staining to visualize Notch2 enhancer-driven lacZ reporter activity 

in P1 transgenic mice. Two of four independent transgenic lines showed similar reporter 

activities. Scale bar, 5 mm.

(F) Immuno-analysis of Sp7 and Notch2 enhancer-driven GFP reporter activity in P1 tibia of 

transgenic mice. Zoom in view highlights boxed regions. Pink box: perichondrium (PC) and 

prehypertrophic chondrocytes (PHC); blue box: bone forming primary spongiosa. Nuclei are 

highlighted by DAPI. Upper panel scale bar: 200 μm; bottom panel: 50 μm. See also Figure 

S2 and Table S3
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Figure 4. Sp7 motif analysis and interaction with Dlx5 in osteoblasts
(A) Summary of de novo motif analysis from Sp7 osteoblast ChIP-seq. Selected motifs are 

shown in Figure 4A and all enriched motifs are shown in Figure S3A.

(B) Luciferase reporter assay for constructs with twelve tandem copies of the AT-rich motif, 

or a site-directed variant, in 3T3 cells, and MC3T3E1 cells pre- and post-osteoblast 

differentiation. Sp7 knockdown (shSp7) lentiviral infection was compared to infection with 

control (shContol) virus. Data show means ± SDs from triplicate experiments.
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(C) Hierarchical clustering comparing relative expression levels of potential AT-binding 

transcriptional regulators in osteoblast (Ob), chondrocyte (Cho) and MEFs. 47 genes out of 

232 potential AT-rich target-binding factors were selected for analysis based on rpkm values 

> 5 in any of these cell-types. Color scale indicates relative gene expression values.

(D) EMSA analysis of Dlx5 binding to AT-rich motifs in Notch2 intron 2 enhancer. 

Arrowhead highlights a band shift indicative of a Dlx5-DNA complex.

(E) CisGenome browser screenshots showing Sp7 and Dlx5 associations around Col1a1.

(F) Overlap between Sp7 and Dlx5 FLAG ChIP-seq peaks in transducted MC3T3E1 cells.

(G) de novo motif analysis and centering of AT-rich motifs in each peak set in (F).

(H) Upper: heat map showing Sp7 and Dlx5 peak signals sorted by Sp7 peak ranking in co-

associated Sp7-Dlx5 peak set. Lower: scatter plot showing correlation between Sp7 and 

Dlx5 sequence reads in Sp7-Dlx5 shared peak set. Poisson regression line is shown in red. 

See also Figures S3 and S4 and Table S4
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Figure 5. Dlx factors mediate Sp7's regulatory action in osteoblast gene regulation
(A, B) Western blotting of co-immunoprecipitates of ectopically expressed indicated Myc-

Dlx5 and Sp7-BioFL forms (upper panel) from 293T cell nuclear extracts.

(C, D) 3T3 cell luciferase reporter assay for indicated reporter constructs following 

transfection with indicated Sp7 and Dlx5 expressions. Data show the means ± SDs from 

triplicate experiments.

(E, F, G) EMSA of Dlx5 and Sp7 complexes with the AT-rich motif. Black arrow: Dlx5-

DNA complex; blue arrow: Sp7/Dlx5-DNA co-complex.

Hojo et al. Page 27

Dev Cell. Author manuscript; available in PMC 2017 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(H, I, J) Sp7-FLAG ChIP-qPCR (H), RT-qPCR (I) and western blotting (J) analysis in 

MC3T3E1 cells following lentiviral transduction of shRNA-mediated knock-down of Dlx3, 

5 and 6 and retroviral transduction of Sp7BioFL expression. The color scale indicates 

relative gene expression values in the qPCR analysis. Red arrow: Sp7-BioFL protein; black 

arrow: endogenous Sp7 protein. Data displayed are the means ± SDs from triplicate 

experiments. *: p < 0.05, **: p < 0.01.
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Figure 6. Genome-wide comparative analysis of Sp1 and Sp7 DNA association and molecular 
dissection of their activities
(A) Overlap between Sp1 and Sp7 FLAG ChIP-seq peaks in transducted MC3T3E1 cells. 

(B) Genome-wide distribution of intersected Sp1 and Sp7 associated regions relative to 

TSSs.

(C) GREAT GO annotation for intersected Sp1 and Sp7 peaks showing top three enriched 

terms.

(D) de novo motif analysis from top 1,000 Sp1 and Sp7 intersected peaks displaying the 

most enriched motifs and their distribution within peak regions.

(E) Alignment of zinc finger regions amongst mouse Sp family members highlighting amino 

acid conservation and amino acids associated with zinc coordination and DNA recognition. 

Amino acid variants examined for their role in DNA binding specificity are highlighted in 

red.

(F) GC-box probe EMSA examining nuclear extracts of COS7 cells transfected with N-

terminal Myc-tagged Sp1 and Sp7 (left). Similar amounts of nuclear extract were used in 
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lanes 1 to 3 and 11 to 13. GC-box binding of Sp1 was also examined by serial dilution of 

nuclear extracts (see % of amount used in lane 2) in lanes 4 to 10. Arrowhead: Myc-Sp1 

shift band; arrow: supershift product for Myc-Sp1. Protein expression levels were compared 

by western blotting (right).

(G) GC-box probe EMSA examining nuclear extracts of COS7 cells transfected with the 

indicated plasmids (right). Blue arrowhead: Myc-Sp1 shift band; Red arrowhead: Myc-

Sp1ZFs/Sp7 shift band. Arrow indicates supershift products for Myc-Sp1 and Myc-

Sp1ZFs/Sp7 while an asterisk indicates a non-specific band. Protein expression levels were 

examined by western blotting (left).

(H) GC-box probe EMSA examining nuclear extracts of COS7 cells transfected with the 

indicated plasmids. Arrowhead: Myc-Sp1ZF/Sp7 or Myc-Sp1ZF/Sp7-BioFL shift products; 

arrow: Myc-Sp1ZF/Sp7 or Myc-Sp1ZF/Sp7-BioFL supershift products.

See also Figure S5
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Figure 7. Emergence of Sp7 variant at the origin of boney vertebrate evolution
(A) Alignment of zinc finger domains in Sp7, Sp1 and the most closely related Sp7 

counterparts amongst different chordate species. The three amino acid variants in 

mammalian Sp7 that correlate with reduced affinities for GC-box DNA binding are 

highlighted.

(B) A phylogenetic tree of the selected species above in relation to the origin of vertebrate 

skeletal cell type. Divergence times are from references (Eo and DeWoody, 2010; 

Larhammar et al., 2009; Venkatesh et al., 2014), Bar: 10 million years ago (10 mya)

(C) Model for Sp7 action in the regulation of osteoblast gene-regulatory programs.
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