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Abstract: Osteoblast differentiation is a tightly regulated process in which key transcription factors
(TFs) and their target genes constitute gene regulatory networks (GRNs) under the control of os-
teogenic signaling pathways. Among these TFs, Sp7 works as an osteoblast determinant critical for
osteoblast differentiation. Following the identification of Sp7 and a large number of its functional
studies, recent genome-scale analyses have made a major contribution to the identification of a “non-
canonical” mode of Sp7 action as well as “canonical” ones. The analyses have not only confirmed
known Sp7 targets but have also uncovered its additional targets and upstream factors. In addition,
biochemical analyses have demonstrated that Sp7 actions are regulated by chemical modifications
and protein–protein interaction with other transcriptional regulators. Sp7 is also involved in chon-
drocyte differentiation and osteocyte biology as well as postnatal bone metabolism. The critical
role of SP7 in the skeleton is supported by its relevance to human skeletal diseases. This review
aims to overview the Sp7 actions in skeletal development and maintenance, particularly focusing on
recent advances in our understanding of how Sp7 functions in the skeleton under physiological and
pathological conditions.
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1. Introduction

Mammalian skeletons are derived from the ectoderm and mesoderm [1]. The
neuroectoderm-originated neural crest exclusively develops into craniofacial skeletal ele-
ments, including facial bones, the frontal bone, the squamous part of the temporal bone,
and the anterior part of the sphenoid bone [2,3]. The remainder of the skeleton is formed
by the two mesoderm derivatives. The paraxial mesoderm gives rise to the sclerotome
via somites, forming the parietal bone, the occipital bone, the petrous part of the temporal
bone, the posterior part of the sphenoid bone, the vertebral column, and the ribs [2,3]. The
lateral plate mesoderm develops into the sternum and the appendicular skeleton [2,3].

Two distinct modes of ossification underlie skeletal formation from these origins:
intramembranous ossification and endochondral ossification. The cranial vault, most of the
facial bones, and the body of the clavicle are generated by the former, whereas the cranial
base, the mandibular condyle, the vertebral column, the sternum, the ribs, the end of the
clavicle, and the appendicular skeleton are generated by the latter [3,4]. In both processes,
mesenchymal cells are first condensed at regions where skeletons are supposed to develop.
In intramembranous ossification, cells in the condensed mesenchyme directly undergo
the osteoblast differentiation process, which generates bone-forming osteoblasts [3,4]. In
endochondral ossification, chondrogenesis precedes osteogenesis: mesenchyme-derived
osteo-chondroprogenitors differentiate into chondrocytes, which form cartilage models.
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Following the formation of bone-forming osteoblasts, which also originated from the
osteo-chondroprogenitors, the cartilage is replaced by mineralized bone tissues.

Osteoblast differentiation is a tightly regulated process in which key transcription
factors (TFs) and their target genes constitute gene regulatory networks (GRNs) under the
control of osteogenic signaling pathways. Those TFs and signaling pathways include runt
Runx2 (related transcription factor 2), Sp7/Osterix, Dlx (distal-less homeobox), Msx (msh
homeobox), ATF4 (activating transcription factor 4), Wnt/β-catenin signaling, Hedgehog
(Hh) signaling, bone morphogenetic protein (BMP) signaling, transforming growth factor-β
(TGF-β) signaling, fibroblast growth factor (FGF) signaling, and Notch signaling (exten-
sively reviewed in [5]). Among these factors, Runx2 and Sp7/Osterix (Sp7 hereinafter) are
known as master regulators for osteoblast differentiation; deletion of either of them led to a
complete lack of osteoblasts in both endochondral and intramembranous bones [6,7]. In
osteoblast differentiation, skeletal progenitors (including osteo-chondroprogenitors) are
initially specified into Runx2-positive osteoblast precursors and committed to the osteoblast
lineage; the Runx2-positive osteoblast precursors then become Runx2–Sp7-double-positive
osteoblast precursors [8]. The Runx2–Sp7-double-positive precursors differentiate into
osteoblasts and osteocytes, contributing to the formation and maintenance of bone tissues
and bone marrows [9].

For more than a decade after its discovery in 2002, Sp7 had been thought to be an os-
teoblast determinant, which induced transcription of osteoblastic genes by directly binding
to their regulatory regions on the genome. However, a next-generation sequencer (NGS)-
based genome-scale search for Sp7-associated regions indicated that a “non-canonical”
mode of DNA binding might be the preferred action of Sp7 on the osteoblast genome;
emerging evidence further supports the presence of such a “non-canonical” mode, even
in other Sp family members, and its relevance to human diseases. In addition, recent
studies suggest the potential roles of Sp7 in the terminal differentiation of chondrocytes
and osteocyte biology as well as osteoblastogenesis. In this review, we, therefore, aim to
summarize and discuss the actions of Sp7 in skeletal tissues, particularly focusing on recent
advances in the understanding of its modes of action on the genome, its broader biological
functions in skeletal cells, its genomic targets, the regulation of its expression and functions,
and its clinical relevance.

2. Sp7: A Master Regulator of Osteoblast Differentiation

Sp7 was identified by screening for genes that were differentially expressed in BMP-
2-treated C2C12 cells compared to untreated ones [7]. The mouse Sp7 gene is located at
chromosome 15, whereas human SP7 is found at chromosome 12q13.13 [7]. The Sp7 gene is
composed of three exons and two introns. Rapid amplification of 5′ complementary DNA
ends (5′ RACE) identified three alternatively spliced variants of Sp7. The organization
of the Sp7 gene appears to be conserved between mice and humans [10,11]. In human
SP7, the type I isoform is generated by removal of both introns and exon 2; the type II
isoform by removal of introns 1 and 2; and the type III isoform by removal of only intron
2. The expected protein products are identical between type II and type III because of
the absence of an initiation codon in exon 1 and the identical coding sequence between
the two isoforms, while the protein from the type I transcript lacks the first 18 N-terminal
amino acids [10]. Although these Sp7 isoforms are expressed in different cell types [10],
functional differences among the isoforms, i.e., differences in transactivation, have not been
clarified yet.

The gene was initially called Osterix (Osx). Its current official gene symbol is Sp7;
it contains three C2H2-type zinc fingers—which have high homology with those in Sp
family transcription factors Sp1, Sp3, and Sp4—at its C terminus. Based on the following
observations, as well as the presence of C2H2-type zinc fingers, Sp7 was thought to have
typical properties of TFs. First, Sp7 bound to the GC-box in an electrophoretic mobility-shift
assay (EMSA), as Sp1 did. Second, Sp7 had a proline-rich transactivation domain at its N
terminus. Third, its subcellular localization was restricted to the nucleus.
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In the developing mouse skeleton, Sp7 transcripts first appear in chondrocytes and
the surrounding perichondrium of endochondral bones and in the condensed mesenchyme
of intramembranous bones at embryonic day (E) 13.5. Strong Sp7 expression is detected in
the osteoblast lineage located in primary spongiosa and the perichondrium/bone collars
at E15.5 and later. The expression is also detectable in prehypertrophic chondrocytes in
the growth plate. At the postnatal stages, Sp7 is expressed in osteoblasts on the surface
of trabecular bones, the endosteum, and the periosteum and in osteocytes in the bone
matrix [7,12].

In the initial report that identified Sp7, the critical role of Sp7 in osteoblast differ-
entiation was demonstrated by means of a mouse genetic study [7]. Sp7-null mice died
immediately after birth due to breathing difficulty, although the mice with heterozygous
deletion of Sp7 appeared normal and fertile. Sp7-null embryos completely lacked bone
formation in both endochondral and intramembranous bones, although their cartilage
development remained normal. Sp7-null mice failed to express osteoblast-related genes,
including Sparc (secreted protein acidic and cystein rich; also known as osteonectin), Spp1
(secreted phosphoprotein 1, also known as osteopontin), Ibsp (integrin-binding sialoprotein,
also known as bone sialoprotein), and Bglap (bone gla protein, also known as osteocalcin)
and showed severely reduced expression of Col1a1, the main component of bone matrix,
in their skeletal elements. Given that Runx2 is expressed in Sp7-null skeletal elements,
it seems likely that osteoblast differentiation is arrested at the Runx2-positive stage in
Sp7-null mutants. The absence of Sp7 expression in Runx2-null mice further suggests that
Sp7 acts genetically downstream of Runx2 [7]. Lastly, Sp7-null cells that failed to differ-
entiate into osteoblasts ectopically expressed chondrocyte regulator and cartilage matrix
genes, including Sox5 (SRY-box transcription factor 5), Sox9 (SRY-box transcription factor
9), Ihh (Indian hedgehog), and Col2a1, in both endochondral and intramembranous bones.
Thus, the phenotypes of Sp7-null mice indicate that Sp7 acts as a critical determinant for
bone-forming osteoblasts in skeletal development.

Several studies also support the postnatal roles of Sp7 in bone homeostasis. Inducible
but ubiquitous deletion of Sp7 at postnatal stages caused a reduction of new bone formation;
there were few mature osteoblasts, and Col1a1 expression was severely decreased in the
long bones of the mutants [13]. The mutants also showed a decreased number of osteocytes
with few dendrites. The expression of the osteocyte-related genes Dmp1 (dentin matrix
protein 1), Phex (phosphate regulating endopeptidase homolog X-linked), and Sost (scle-
rostin) was reduced in the mutants [13]. Osteoblast-specific deletion of Sp7 using a 2.3-kb
Col1a1-Cre driver line rescued the perinatal lethality of Sp7-null mice, and the newborn
mutants appeared normal. However, they showed osteopenic phenotypes at growing
stages, probably due to a delay of osteoblast maturation [14]. Inducible deletion using a
2.3-kb Col1a1-CreERT2 driver line basically yielded phenotypes similar to those of the above
mutants [15]. These results suggest that Sp7 positively regulates osteoblast differentiation
and subsequent osteocyte formation in postnatal bones. Given that overexpression of
Sp7 in osteoblasts using a transgenic approach resulted in osteopenia with suppression of
osteoblast differentiation [16], an appropriate dosage of Sp7 may be required for the proper
execution of the osteoblast program in adults.

3. The Mode of Sp7 Action: How Does It Contribute to the Transcription of
Osteoblastic Genes as an Osteoblast Determinant?

Until fairly recently, conventional mechanistic studies on the actions of TFs had focused
on local gene regulation, i.e., how the TFs regulate transcription of certain sets of target
genes, and this approach provided a good model for understanding their modes of action.
However, it remained unclear whether the models were relevant to the overall actions of
the TFs on the genome and to their cell-type distinct functions. Next-generation sequencer
(NGS)-based genome-scale studies have recently addressed these questions, uncovering
how TFs are associated with the genome, how they potentially interact with other proteins
over the genome, and how the actions potentially elicit biological outcomes.
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A chromatin immunoprecipitation-sequencing (ChIP-seq) study unveiled an Sp7-
DNA association profile in mouse calvaria-derived primary osteoblasts and mouse pre-
osteoblastic cell line MC3T3-E1, showing several key features of Sp7 actions on the os-
teoblast genome [17]. First, Sp7-associated regions, i.e., Sp7 ChIP-seq peak regions, were
found to be enriched in distal regulatory elements (>5 kb from gene bodies), suggesting that
Sp7 is involved in the long-range interaction between enhancers and promoters. Second,
the sequences of Sp7-associated regions were well-conserved among vertebrate species.
Third, genes that were related to skeletal development and expressed in skeletal tissues
were significantly enriched in putative target gene sets of the Sp7-associated regions, which
were predicted by their proximity; correlation analysis with the transcriptome data obtained
from GFP-positive osteoblasts of neonatal Sp7-GFP mouse calvarias [8] further revealed
that Sp7 ChIP-seq signals were most enriched around osteoblast-specific genes. These data
suggest that Sp7-mediated long-range interactions commonly underlie the transcription of
osteoblastic genes among vertebrates.

The last but most important feature of the actions of Sp7 was found by de novo
motif analysis on Sp7-associated regions. The analysis revealed enrichment of an AT-rich
sequence under the Sp7-associated regions. This was unexpected because Sp7 belongs to
the Sp family; Sp family members bind to the GC-box consensus motif via their zinc finger
domains [18]. The mode of action was confirmed by ChIP-seq analysis for Sp1, Sp2, and
Sp5 [19–21] and high throughput screening of protein-DNA bindings for Sp1, Sp3, and
Sp4 [22,23]. Sp7 was also shown to bind to the GC box in vitro, as Sp1 did [7].

In a comparative analysis of Sp1 and Sp7 ChIP-seq in the pre-osteoblastic cell line
MC3T3-E1, the AT-rich motif was again enriched in Sp7-associated regions, whereas the
GC-box was enriched in Sp1-associated ones [17]. The Sp7 binding affinity to the GC-box
was much less than that of Sp1 and, in most cases, below the detection limit in biochemical
analyses [17]. Sp7 was likely to lose the GC-box preference due to amino acid differences
within the zinc finger domain since Sp7 acquired a binding affinity to the GC-box by
three amino acid substitutions in the Sp7 zinc fingers (α-helical domain) to their Sp1
counterparts [17].

How is Sp7 associated with the AT-rich motifs on the osteoblast genome? No direct
binding of Sp7 to the AT-rich motifs was detected in EMSA. The AT-rich motif resembled a
homeodomain-responsive element, which raised the possibility that Sp7 is indirectly bound
to the motif through homeodomain-containing TFs. Several lines of evidence supported the
conclusion that homeodomain-containing Dlx factors act with Sp7. Dlx factors have been
implicated in osteoblast differentiation [24–26]. Indeed, a ChIP-seq study in MC3T3-E1
demonstrated that almost 80% of Sp7-associated regions overlapped with Dlx5-associated
regions [17]. Sp7 and Dlx5 physically interacted, and the Sp7–Dlx5 complex bound to the
AT-rich motif in EMSA, whereas Sp7 alone did not [17]. The functional significance of
the Sp7–Dlx5 interaction in osteoblasts was confirmed; Dlx knock-down attenuated Sp7
engagements with the osteoblast enhancers on the genome, leading to suppression of the
Sp7 target gene expression [17].

The above series of data suggests that Sp7 executes the osteoblast program via a “non-
canonical” mode of action, in which it acts as a co-factor for Dlx rather than as a TF that
directly binds to DNA. Other homeodomain-containing TFs, such as Msx1/2, Satb2 (special
AT-rich sequence binding protein 2), and Alx4 (aristaless-like homeobox 4), expressed
in osteoblasts [17] may bind to the AT-rich motif and interact with Sp7 on the osteoblast
genome. In addition, the motifs of other key osteoblast TFs, such as Runx2 and Nfat
(nuclear factor of activated T cells), were enriched in Sp7-associated regions [17]. These
findings suggest that key regulatory inputs from multiple osteogenic signals are integrated
into the Sp7-associated genomic regions in the osteoblast program (Figure 1).
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Figure 1. Current understanding of Sp7 actions and regulations. Modes of Sp7 action (left), tran-
scriptional regulations of Sp7 (middle), and post-translational regulations of Sp7 (right) activities
are illustrated.

Recent ChIP-seq studies suggest that the “non-canonical” mode of action is not specific
to Sp7 but is present in other Sp family members as well. Sp8 and Sp6 are expressed in
the limb ectoderm and play necessary roles for proximal–distal (PD) and dorsal–ventral
(DV) patterning in limb development. Motif analysis on the Sp8 ChIP-seq in the mouse
limb ectoderm showed that a GC-rich motif was the most over-represented one, and an
AT-rich motif was the second-most over-represented. This suggests that Sp8 has a dual
mode of action, direct DNA binding through the typical Sp consensus motif and indirect
binding through homeodomain-containing TFs. Indeed, physical interactions were detected
between Sp8 and Dlx5 and between Sp6 and Dlx5. However, the functional outcome of the
interaction seems to be complex and likely depends on the availability of the interacting
TFs [27]. Sp6 ChIP-seq analysis in developing mouse teeth similarly demonstrated that an
AT-rich motif was enriched in the Sp6-bound genomic regions [28].

As mentioned earlier, amino acid variants in the α-helical domain distinguish Sp7
from other Sp family members, causing loss of the GC-box preference. Interestingly, a
sequence comparison among vertebrate and non-vertebrate chordate species revealed that
the closest non-boney vertebrates (e.g., lampreys), the cephalochordates (e.g., amphioxus),
and the ascidians (e.g., tunicate) do not have Sp7-like zinc finger variants, whereas all
boney vertebrates and cartilaginous fish that arose from a boney ancestor have Sp7 genes
or a gene with Sp7-like zinc finger variants [17]. Therefore, Sp7 is likely to have appeared
with the emergence of bone-forming osteoblasts, acting as an evolutionary switch in the
cartilage-to-bone transition in the evolution of boney vertebrates.

4. Targets of Sp7 in Osteoblasts

Sp7 has been shown to upregulate transcription of various osteoblast-related genes,
including Fmod (fibromodulin) [29], Col1a1 [30,31], Col1a2 [32], Col5a1 [33], Col5a3 [34],
Ibsp [29,35], Sost [13,36], Bglap [37], Zbtb16 [38], Cx43 [39], Vegf (vascular endothelial growth
factor) [40], Mmp9 (matrix metalloproteinase 9) [41], Mmp13 (matrix metalloproteinase
13) [42,43], Zip1 [44], Ucma (upper zone of growth plate and cartilage matrix associated) [45],
and Enpp1 (pyrophosphatase/phosphodiesterase 1) [46] (extensively reviewed in [47]). This
series of studies demonstrated that Sp7 bound to the typical GC-box (Sp1-binding sites) or
CCAAT sequences around these genes (Figure 1).

The aforementioned Sp7 ChIP-seq study [17] confirmed the association of Sp7 with
previously reported osteoblast enhancers around Runx2 [48] and Col1a1 [49]. It is worth
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noting that the Sp7 ChIP-seq confirms the previous findings and provides mechanistic
support. One example is related to the work by Kawane et al. [48]. They found an associ-
ation of multiple osteoblastic TFs, including Dlx5/6, Msx2, and Sp7, with the identified
Runx2 enhancer by ChIP. However, Dlx5 and Msx2, but not Sp7, are directly bound to the
core sequence of the enhancer in EMSA. Since a physical interaction between Dlx5 and
Sp7 was detected by GST pulldown, they proposed an enhanceosome model of the Runx2
enhancer, in which Dlx5/6 is directly bound to the core-sequence, and Sp7 indirectly did so
by forming a complex with Dlx5/6. The Sp7 ChIP-seq study at least partly confirmed the
model and, more importantly, further expanded it to a genome scale (Figure 1).

The Sp7 ChIP-seq study also revealed a set of enhancers as novel genomic targets
of Sp7. Site-directed mutations in AT-rich motifs within these targets suppressed their
enhancer activities [17], suggesting that Sp7 acts on the elements through the AT-rich motif.
In addition, one of the Sp7-bound enhancers located in Notch2 intron 1 was confirmed as
an osteoblast-specific enhancer; in transgenic reporter mouse analysis, its enhancer activity
was found to be associated with Sp7 expression in the osteoblast lineage and was not de-
tected in chondrocytes despite the expression of Sp7 in prehypertrophic chondrocytes [17].
Sp7 ChIP-seq peaks around Notch2, Gli2, Fgfr2 (fibroblast growth factor receptor 2), and
Kremen1 further suggested cross-talk between Sp7 and osteogenic signaling pathways; their
signaling activity is likely fine-tuned by Sp7 at the transcriptional level.

5. Roles of Sp7 in Chondrocytes and Osteocytes

Although global Sp7-null mouse embryos had no abnormality in cartilage, chondrocyte-
specific deletion of Sp7 using a Col2a1-Cre driver line resulted in impaired endochondral
ossification with reduced expression of chondrocyte-related genes [50]. Another study us-
ing the Col2a1-Cre driver line showed that the calcification of cartilage matrix was delayed
in the mutants [43]. Postnatal deletion of Sp7 in chondrocytes using a Col2a1-CreERT2 driver
line leads to reduced trabecular bone mass in mice. This phenotype was accompanied by a
delay of chondrocyte hypertrophy and cartilage-to-bone conversion [51]. Thus, these data
suggest that Sp7 may have some impact on chondrocyte differentiation, particularly in the
late stage of chondrocyte differentiation, and on the subsequent replacement of cartilage
by bones during endochondral ossification. However, it remains to be elucidated how
Sp7 is connected with GRNs in in vivo chondrocyte differentiation; genome-scale profiling
of endogenous Sp7-DNA association in the chondrocyte lineage would be necessary to
address this question.

Sp7 also has a crucial role in osteocyte biology [13,52], and a recent study provides
insight into the molecular mechanisms underlying the Sp7-mediated functions [53]. Sp7
deletion in mature osteoblasts using a Dmp1-Cre driver line led to severe defects in osteocyte
dendrites in mice. RNA-seq in Sp7-deficient and Sp7-overexpressing Ocy454 cells, a mouse
osteocyte-like cell line, revealed that Sp7-dependent genes were enriched in gene ontology
(GO) terms linked to cell projection organization and neuronal development. Compar-
ative analysis of Sp7 ChIP-seq between Ocy454 cells and primary osteoblasts revealed
Ocy-specific Sp7-associated regions, which were connected with genes associated with
axon guidance. These results suggest that the osteocyte network bears similarity to the
network of intercellular connections between neurons in terms of both gene expression
and morphology [54]. ChIP-seq analysis further provided insights into the mode of Sp7
action in osteocytes. Motif analysis showed that the Ocy-specific Sp7-associated regions
had selective enrichment for the TGA(G/T)TCA motif bound by AP-1 family members.
Therefore, Sp7 is likely to cooperate with distinct transcription factors to regulate enhancer
activities in osteoblasts and osteocytes (Figure 1).

6. Transcription of Sp7

Sp7 transcription is regulated by signaling pathways, TFs, and miRNAs, as recently
reviewed in detail by Liu et al. [47]. With respect to the signaling-pathway-mediated regu-
lation, in brief, BMP, TGF-β, mitogen-activated protein kinase (MAPK), and Wnt pathways
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are all involved in Sp7 regulation (Figure 1). As for TFs, Runx2, Dlx5, Msx2, Tieg1, and Nfic
are involved (Figure 1). Most of the molecules involved in these two types of regulation
were examined by mechanistic analyses with Sp7 promoter assays. Among these regulators,
BMP signaling is particularly notable, given that Sp7 was originally identified as a gene up-
regulated in BMP-2-treated C2C12 cells. BMP signaling has been demonstrated to activate
Sp7 transcription in both a Runx2-dependent and a Runx2-independent manner [55]. In
the Runx2-dependent mechanism, BMP signaling induces Runx2, which in turn activates
Sp7 transcription. In contrast, Smads are thought to regulate Sp7 in the Runx2-independent
mechanism. Recently, Smad1 enrichment was detected in the conserved region at 13-
kb upstream of the Sp7 transcription start site (TSS) by ChIP in E13.5 mouse limb bud
cells treated with BMP-2 [56]. This may partly support the existence of Smad-mediated
Sp7 transcription.

In addition to these findings, we recently revealed that Runx2 controls Sp7 transcrip-
tion through a novel Sp7 enhancer, which is located at approximately 11 kb distal to the
Sp7 transcription start site [57]. An analysis with a transgenic reporter mouse showed that
the enhancer was activated in skeletal elements exclusively in osteoblasts but not prehy-
pertrophic chondrocytes, suggesting that the genomic region acts as an osteoblast-specific
Sp7 enhancer. EMSA showed the direct binding of Runx2 on the Runx consensus motif
in the enhancer; mutagenesis on the Runx consensus motif confirmed the requirement of
the Runx2 binding site for the enhancer activity in vitro. Thus, a further analysis focusing
on not only promoter regions but also enhancer regions will help to elucidate how Sp7 is
regulated in a cell type-specific manner.

MicroRNAs (miRNAs) and long non-coding RNAs (lncRNAs) were reported to par-
ticipate in the Sp7 regulation (Figure 1). A number of miRNAs, including miR-27a and
miR-96, were reported to have negative impacts on Sp7 transcription through directly
binding to 3′ untranslated region (UTR) of Sp7 [47]; some miRNAs, such as miR-322 and
miR-510, activate Sp7 expression indirectly by regulating a negative factor of osteogene-
sis [47]. lncRNAs also have a variety of biological functions in the Sp7 regulation. lncRNA
ODIR1 inhibited Sp7 transcription by modifying histone marks, including H3K4me3 on
the Sp7 promoter [58], whereas lncRNA ob1 activated Sp7 expression, possibly through
inhibition of H3K27me3 on the promoter [59]. Overall, Sp7 transcription is finely tuned
through multiple mechanisms, although the whole picture of the regulation has not been
revealed yet.

7. Post-Translational Regulation of Sp7 Activities

The activities of Sp7 are regulated post-translationally by the chemical modification of
Sp7 and its interactions with other transcriptional regulators (Figure 1). p38 MAPK was
shown to phosphorylate Sp7 at Ser-73 and Ser-77 [29]. The functional significance of the
phosphorylation event was examined in terms of the Sp7 binding to the GC-box [29]. A
mutant Sp7, in which the two p38 targets were mutated, resulted in decreased recruitment
of RNA polymerase II, p300, and the chromatin remodeling factor Brg1 onto target gene
promoters compared to the wild-type Sp7. The mutant Sp7 also showed abrogation of the
physical interaction of Sp7 with p300 and Brg1. Thus, p38-mediated phosphorylation of
Sp7 may enhance the recruitment of its co-activators in the context of its “canonical” mode
of action.

Another report showed that phosphorylation of Sp7 at Ser-73 and Ser-77 is neces-
sary for its interaction with Fbw7 (F-box/WD repeat-containing protein 7), which works
as a receptor subunit of the Skp1-Cullin1-F-box-protein (SCF)Fbw7 E3 ligase complex;
Fbw7-targeted Sp7 undergoes ubiquitination and subsequent degradation [60]. Thus,
p38-mediated phosphorylation directs Sp7 to degradation in this context.

Sp7 is acetylated at K307 and K312 by p300/CBP, and acetylation, in turn, enhances the
stability of the Sp7 protein [61]. Sp7 acetylation is reversible; HDAC4 is likely to mediate
deacetylation, as HDAC4 treatment accelerated Sp7 degradation. In EMSA, Sp7 binding to
the GC-box was increased in the presence of CBP, whereas Sp7 mutants at acetylation sites
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showed a decreased binding property. Likewise, the Sp7 capacity for transactivation was
enhanced in the presence of CBP, whereas this ability was attenuated in the Sp7 mutants.
These data suggest that Sp7 acetylation at the two sites positively regulates the stability and
transactivation ability of Sp7 in the context of its “canonical” mode of action. It remains to
be examined whether the Sp7 phosphorylation and acetylation mentioned above affect its
property in the “non-canonical” mode of action via AT-rich motifs.

Sirtuin 7 (Sirt7), one of the nicotinamide adenine dinucleotide (NAD)-dependent lysine
deacylases, has been reported to regulate the transactivation property of Sp7 [62]. Global
Sirt7-null mice showed decreased bone formation, and this phenotype was recapitulated
by osteoblast-specific Sirt7 deletion. Biochemical data suggest that Sirt7 increases the
transcriptional activity of Sp7 in a DNA binding-independent manner through physical
interaction. It is worth noting that Sirt7 did not affect the Sp7 function as a co-factor of
Dlx5 and the Sp7 protein stability. From a mechanistic point of view, in vitro data suggest
that Sirt7 causes deacylation of K368 in Sp7; the C-terminal deacylation is likely to enhance
its N-terminal transactivation activity. K368 deacylation also facilitates Sirt1-mediated
depropionylation of Sp7, which enhances its transactivation activity as well.

Sp7 has been shown to interact with other TFs in the osteoblast program. Physical
interactions and synergistic functions between Sp7 and Runx2 have been demonstrated
in the context of the transcription of osteoblast-related genes [43,63]. In addition, the
enrichment of a Runx motif as well as the AT-rich motif in the Sp7 ChIP-seq [17] supports
the Sp7–Runx2 interaction on the osteoblast genome.

p53 acts as a negative regulator of Sp7 in both its “canonical” and “non-canonical”
modes of action [64]. Physical interaction of Sp7 with p53 inhibited not only Sp7 binding
to the GC-box but also the Sp7–Dlx5 interaction. The interaction occurred between the
p53 DNA-binding domain and part of the Sp7 transactivation domain proximal to its zinc
fingers. Analysis using p53 mutants further demonstrated that the negative effect of p53
on Sp7 required a native conformation of p53, but not its DNA-binding ability. Given that
p53 also represses Runx2 function [65], this study also suggests that the negative effect of
p53 on osteoblastic gene expression depends on both Runx2 and Sp7.

A recent study highlighted zinc finger homeodomain 4 (Zfhx4) as a transcriptional
partner of Sp7 at the late stage of endochondral ossification [66]. Zfhx4-null mice demon-
strated impaired calcification of cartilage and reduced expression of the late hypertrophic
chondrocyte marker Mmp13, which were similar to the cartilage phenotypes of Sp7 mutant
mice [43]. The interaction between Zfhx4 and Sp7 was then analyzed genetically and
biochemically: heterozygous deletion of Sp7 under the Zfhx4-null background led to a more
severe impairment of chondrocyte maturation than was observed in the Zfhx4-null mice,
and Zfhx4 physically interacted with Sp7 [66].

8. Relevance of SP7 to Human Skeletal Diseases

The significance of SP7 in osteogenesis has been confirmed in humans. Mutations in
SP7 have been identified as a rare cause of osteogenesis imperfecta (OI type XII) [67,68]
in one case of juvenile Paget’s disease [69]. A genome-wide association study showed a
significant association between variants in the SP7 locus and bone mineral density [70].
The pathological mechanisms of SP7-mutation-caused diseases have been studied well
in OI cases. OI comprises a group of connective tissue disorders characterized by bone
fragility and low bone mass [67]. Although the majority (>90%) of patients with OI have
autosomal dominant variants in COL1A1 or COL1A2, numerous variants around other
genes, including in SP7, have also been identified [67,68]. So far, three variants in SP7 were
identified to be associated with recessive OI cases. First, a homozygous single base pair
deletion (p.Glu351GlyfsTer19) in SP7 caused a frameshift, resulting in the removal of the
last 81 amino acids of the protein in a patient with OI. The clinical features of this patient
included recurrent fractures, mild bone deformities, delayed tooth eruption, and white
sclera [71]. A second OI-associated homozygous mutation was identified in a patient who
had p.Arg316Cys in SP7; the patient presented with osteoporosis, low-trauma fractures,
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and short stature [72]. The third mutation was p.Cys275Tyr in SP7 [73]. In addition to
these variants associated with recessive OI, a recent report showed a dominant form of OI
caused by a heterozygous SP7 variant (p.Glu340Ala) [74]. Low cortical density and cortical
porosity were observed in these patients, consistent with previous reports of individuals
with SP7 mutations in recessive OI. However, the low bone turnover in the patients with
dominant OI contrasts with the high turnover state seen in the previously reported patients
with recessive OI. Recently, moreover, we and another group independently reported a
dominant SP7 mutation (p.Ser309Trp) in two individuals who showed sclerosis, bone
fragility, and high turnover [69,75]. These cases presented with high bone mineral density
and patchy sclerosis, which were different from the phenotypes in recessive OI. The
impact of the variants on osteogenesis was confirmed by a mutant mouse line with the
orthologous missense variant in Sp7. Its skeletal phenotype partially recapitulated the
patient’s phenotypes [75].

Importantly, most of the variants described above were located in the zinc finger
domain of SP7, and some were associated with the mode of action of SP7. Specifically,
we found that the p.Ser309Trp variant increased the binding of SP7 to the GC-box and
decreased the binding to an AT-rich motif [75]. A cross-comparison analysis of the activities
of the SP7 variants on the AT-rich motif through complex formation with DLX5 showed
that SP7 carrying either the p.Ser309Trp or p.Glu340Ala variants decreased the activity on
the AT-rich motif, compared to the wild type, whereas the p.Arg316Cys and p.Cys275Tyr
variants did not significantly change the activity [74]. In considering all these results
together, the fact that the different SP7 variants were associated with different skeletal
phenotypes indicates that the pathological phenotypes caused by SP7 variants cannot be
simply explained by the gain- or loss-of-function of Sp7. Rather, a complicated mode of
SP7 action, possibly including both canonical and non-canonical modes, may underlie the
pathological mechanism.

9. Future Perspectives

Mouse genetic studies and a large number of in vitro studies established Sp7 as an
osteoblast determinant. As discussed in this review, additional layers of Sp7 actions have
been unveiled over the past decade. Identification of the non-canonical mode of Sp7 action
has given us a better understanding of the regulatory mechanism underlying Sp7-mediated
osteoblast differentiation. It has also provided a new perspective on the pathological
mechanisms underlying Sp7-associated bone diseases. However, the overall picture of
Sp7-associated GRNs remains to be clarified. The next step could be defining Sp7 from
the broader viewpoint of skeletal development and maintenance: How is Sp7 wired to
skeletal GRNs depending on cell types and/or distinct phases of differentiation? How
does Sp7 select one of the two modes of action in different situations? In the non-canonical
mode of action, what are the Sp7 partners in the distinct cell types and differentiations?
Recently advancing technologies for single-cell analyses and multiome analysis, including
proteomics, will clarify these points, leading to the understanding of the pathological mech-
anisms underlying SP7-related skeletal diseases and the development of new therapeutic
approaches for skeletal defects.
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