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ABSTRACT Here we assess histone modification, chromatin remodeling, and DNA
methylation processes that coordinately control the expression of the bone master
transcription factor Sp7 (osterix) during mesenchymal lineage commitment in mam-
malian cells. We find that Sp7 gene silencing is mediated by DNA methyltrans-
ferase1/3 (DNMT1/3)-, histone deacetylase 1/2/4 (HDAC1/2/4)-, Setdb1/Suv39h1-, and
Ezh1/2-containing complexes. In contrast, Sp7 gene activation involves changes in
histone modifications, accompanied by decreased nucleosome enrichment and DNA
demethylation mediated by SWI/SNF- and Tet1/Tet2-containing complexes, respec-
tively. Inhibition of DNA methylation triggers changes in the histone modification
profile and chromatin-remodeling events leading to Sp7 gene expression. Tet1/Tet2
silencing prevents Sp7 expression during osteoblast differentiation as it impairs DNA
demethylation and alters the recruitment of histone methylase (COMPASS)-, histone
demethylase (Jmjd2a/Jmjd3)-, and SWI/SNF-containing complexes to the Sp7 pro-
moter. The dissection of these interconnected epigenetic mechanisms that govern
Sp7 gene activation reveals a hierarchical process where regulatory components me-
diating DNA demethylation play a leading role.

KEYWORDS DNA demethylation, epigenetics, osteoblast differentiation, Sp7, Tet
enzymes

he Sp7 (osterix) gene codes for a transcription factor (TF) that is expressed in a

highly restricted manner in mesenchymal cells that are differentiating to osteo-
blasts and chondrocytes (1), where it recognizes a GC-rich sequence at regulatory
regions of target bone-related genes (2). Sp7 expression is required for bone formation:
homozygous Sp7 knockout mice die shortly after birth, exhibiting severe skeletal
abnormalities, including a drastic reduction in bone mineralization due to impaired
osteoblast differentiation (1). Preosteoblastic cells isolated from Sp7-null mouse em-
bryos reveal that the expression level of the Runx2 TF, the master regulator of osteogenic
lineage commitment, remains unaltered, indicating that Sp7 functions downstream of
Runx2 (3, 4). Sp7 also exhibits an essential role in adult bone homeostasis (5). Targeted
depletion of the Sp7 gene in mice results in bone abnormalities due to the inhibition
of osteoblast differentiation, altered cartilage accumulation, and impaired function of
osteocytes (6). Similarly, mutations at the human Sp7 gene have been found to be
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associated with bone abnormalities (7), and different single nucleotide polymorphisms
at the Sp7 locus are associated with alterations in bone mineral density (8, 9).

Sp7 promoter activity is upregulated by transcriptional pathways mediated by
mitogen-activated protein kinase (MAPK) effectors (10) and the Runx2 and DIx5 TFs (11,
12) as well as in response to parathyroid hormone (13), ascorbic acid (14), and vitamin
D5 (15, 16). Incubation of mesenchymal cells with the osteoblast differentiation-
promoting factor bone morphogenetic protein 2 (BMP2) results in enhanced Sp7 mRNA
expression (1). This BMP2-dependent effect is mediated by the DIx5 TF, which binds to
the Sp7 promoter and recruits the coactivator p300, an event that is modulated by the
p38 (11) and phosphatidylinositol 3 (PI3)-kinase/Akt (17) signaling pathways. Recent
studies also indicated the role of specific epigenetic modifiers in Sp7 gene expression,
which mediate changes in histone posttranslational modifications (PTMs) at the Sp7
promoter. Thus, Pbx1-mediated repression of the Sp7 gene in bone marrow stem cells
involves decreased histone acetylation due to the reduced binding of the p300
acetyltransferase and increased interactions of histone deacetylase 1 (Hdac1) and
Hdac2 (18). The H3K27me3 demethylases Jmjd3 and Utx have been shown to mediate
the reduction of this repressive mark that accompanies Sp7 gene transcription during
osteoblast differentiation and bone formation (19-21). It has also been reported that
treatment of C2C12 promyoblastic cells with 5-azacytidine (5AzaC), a DNA methyltrans-
ferase (Dnmt) inhibitor, results in the activation of Sp7 gene expression (22, 23). It was
found, however, that most 5AzaC-treated cells (>90%) were differentiated to the
myogenic phenotype due to elevated expression of muscle-related master TFs (e.g.,
myogenic differentiation 1 [MyoD]) in most of the cells and to the remaining levels of
CpG methylation at the Sp7 promoter. Together, these results indicate that successful
osteogenic commitment requires a significant reduction in CpG methylation and
changes in histone PTMs at the Sp7 promoter that drive sufficient Sp7 expression.
Therefore, there is a necessity to understand what the main components of these
mechanisms are and how they are coordinated during osteogenic differentiation.

One principal pathway leading to DNA demethylation in mammals is initiated by the
conversion from 5-methyl-CpG (5mC) to 5-hydroxymethyl-CpG (5hmC) mediated by the
Ten-Eleven Transformation (Tet) family of dioxygenases (24, 25). Importantly, both Tet1
and Tet2 enzymes have been found to be required during lineage commitment of
mouse embryonic stem cells (25-27) and to be critical components during mouse
development (27, 28). Tet proteins have also been reported to function as scaffolding
proteins, mediating the formation of multienzymatic regulatory complexes with several
other epigenetic modifiers, including SWI/SNF chromatin remodelers, histone methyl-
ases, and demethylases (29-31).

We report that a key regulatory component of the mechanisms leading to Sp7
expression during osteoblast lineage commitment is the Tet1/Tet2-mediated DNA
demethylation of the Sp7 promoter. This process is coordinated with nucleosome
remodeling, “erasing” of the H3K9me3/H3K27me3 repressive marks, and “writing” of
the H3Ac/H3K4me3 transcription-associated marks.

RESULTS

Histone marks and epigenetic mediators that control Sp7 gene expression. To
assess the epigenetic mechanisms controlling the transcriptional activation and silenc-
ing of the Sp7 bone master regulator gene, we determined by chromatin immunopre-
cipitation (ChIP) analyses whether specific histone PTMs and candidate chromatin
modifiers (writers and erasers) bind to the proximal Sp7 promoter in different mouse-
derived cell systems that express or do not express this gene (Fig. 1A). Nonosteoblastic
cells, including N2a neurons (Ne), C2C12 myoblasts (MB), and myotubes (MT), as well as
uncommitted mesenchymal multipotent C3H cells (UD), do not express Sp7 mRNA. In
contrast, UD cells induced to differentiate to osteoblasts by treatment with BMP2 (iOB)
and MC3T3 osteoblasts (OB) express elevated levels of Sp7 mRNA (Fig. TA). As an
additional control, it was shown that Ne and MT cells express their respective pheno-
typic gene markers (see Fig. S1 in the supplemental material).
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FIG 1 Sp7 gene expression is associated with an epigenetic signature at the Sp7 promoter. (A) The Sp7 gene is selectively expressed in osteoblastic cells. Sp7
mRNA levels were determined by RT-PCR. (Top) Conventional PCR; (bottom) qPCR. Relative mRNA expression values were established by normalization against
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level. (B to E) Enrichment of histone posttranslational modifications at the Sp7 gene promoter
determined by ChIP of samples from N2a neuronal (Ne) cells (B), C2C12 myoblasts (MB) and C2C12 myoblasts differentiated to myotube (MT) cells (C), C3H
uncommitted multipotent cells (UD) and C3H cells differentiated to osteoblasts (iOB) in response to BMP2 (D), and MC3T3 osteoblastic (OB) cells (E). (F to )
Enrichments of RNA polymerase Il (RNAPII) and chromatin-associated regulators at the Sp7 promoter determined by ChIP of samples from the cell types
described above. (J) Effect of TSA-dependent chromatin hyperacetylation on Sp7 mRNA expression in UD cells. (Left) Western blotting using anti-H3Ac and
anti-H3 antibodies; (right) RT-qPCR analysis of Sp7 mRNA expression. EtOH, ethanol. (K) Effect of GSK-126-dependent inhibition of Ezh2-mediated H3K27
methylation on Sp7 mRNA expression in UD cells. (Left) ChIP to evaluate H3K27me3 enrichment at the Sp7 promoter; (right) Sp7 mRNA expression levels
measured by RT-qPCR. DMSO, dimethyl sulfoxide. (L) Effect of GSK-J4-dependent inhibition of H3K27me3 demethylases on Sp7 mRNA expression in OB cells.
(Left) H3K27me3 enrichment at the Sp7 promoter measured by ChIP; (right) Sp7 mRNA expression levels measured by RT-qPCR. ChIP results are expressed as
a percentage of the input. Data represent the means of results from at least three independent experiments = standard errors of the means. Student'’s t test
was performed to establish statistical significance. *, P = 0.05; **, P = 0.01; ***, P = 0.001.

Ne cells exhibit enrichment in the H3K9me3/H3K27me3 marks at the Sp7 promoter
and an absence of PTMs associated with active or poised promoters (H3Ac/H3K4me1/
H3K4me3) (Fig. 1B). MB cells show reduced, but detectable, levels of H3Ac and
enrichment of H3K4me1/H3K9me3/H3K27me3 marks (Fig. 1C). Interestingly, MT cells
show further enriched levels of H3K9me3/H3K27me3 together with a reduced enrich-
ment of H3Ac/H3K4me3 (Fig. 1C), indicating that myogenic differentiation proceeds
with the progressive deposition of repressive PTMs at the Sp7 promoter. When UD cells
are differentiated to osteoblasts (iOB), H3Ac/H3K4me3 marks are significantly enriched
at the Sp7 promoter (Fig. 1D), concomitant with its transcriptional activation. These
enrichments are accompanied by decreased levels of H3K9me3/H3K27me3 marks (Fig.
1D), whereas H3K4me1 exhibits only a partial reduction. This epigenetic signature is
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equivalent to that found at the Sp7 promoter in OB cells (Fig. 1E), indicating that they
represent a pattern strongly associated with Sp7 gene transcription in osteogenic cells.

It was next determined that in Ne cells, this promoter is enriched in the Suv39H1 and
Ezh2 methyltransferases, which have been shown to mediate the deposition of the
H3K9me3 and H3K27me3 marks, respectively (Fig. 1F). Reduced, but significant, binding
of Ezh1 was also detected (Fig. TF), suggesting that the interaction of a PRC2 complex
containing Ezh1 and/or Ezh2 can contribute to maintaining both H3K27me3 levels and
transcriptional repression at the Sp7 promoter in these cells. Binding of additional
epigenetic modifiers, including Hdac1/2/4, Setdb1, Jmjd2a, Jmjd3, and Utx, as well as
interactions of RNA polymerase Il (RNAPII) were not detected at this promoter in
neuronal cells (Fig. 1F). In contrast, we found that Hdac1/2/4, Setdb1, and Ezh2 are
present at the Sp7 promoter in MB cells (Fig. 1G). Importantly, these cells show reduced,
although detectable, levels of the RNAPII, Jmjd3, and Utx proteins at this promoter (Fig.
1G). Following myogenic differentiation, MT cells exhibit further enriched levels of the
Hdac2/4, Setdb1, and Ezh2 proteins at the Sp7 promoter, concomitant with the release
of RNAPII and binding of Ezh1 (Fig. 1G). Jmjd3 and Utx remain poorly associated at this
region in MT cells (Fig. 1G). Together, these results indicate that Sp7 gene repression in
promyobilastic cells is reflected by an epigenetic signature on the Sp7 promoter that is
further enforced as the cells engage terminal myogenesis.

We next determined whether the above-described epigenetic modulators are also
associated with the Sp7 promoter in UD cells and during osteogenesis-dependent Sp7
gene activation. UD cells exhibit binding of RNAPII, Hdac1/2/4, Setdb1, Jmjd2a, Ezh2,
Jmjd3, and Utx at the Sp7 promoter (Fig. 1H). Osteogenic differentiation (iOB) resulted
in significant enrichments of RNAPII, Jmjd2a, and Jmjd3 at this region and reduced
interactions of Hdac1/2/4, Setdb1, and Ezh2 (Fig. 1H). Utx binding remained unaltered
(Fig. 1H). This signature is similar to that found at this region in OB cells (Fig. 1l),
indicating that changes in the recruitment of epigenetic modulators can result in an
epigenetic profile that promotes Sp7 gene transcription during osteogenesis.

To further assess whether the presence of these epigenetic components is associ-
ated with Sp7 gene expression, we evaluated the effect of drugs that selectively inhibit
some of the key enzymes found at the Sp7 promoter in UD cells. We first incubated cells
with increasing concentrations of trichostatin A (TSA), a paninhibitor of HDAC activity
(32, 33), including Hdac1/2/4. TSA treatment resulted in increased H3Ac protein levels
(Fig. 1J, left) and a dose-dependent induction of Sp7 mRNA expression (Fig. 1J, right),
accompanied by enhanced H3Ac enrichment at the Sp7 promoter (see Fig. 4A).
Treatment of UD cells with the Ezh2 inhibitor GSK-126 (34) resulted in a dose-
dependent induction of Sp7 mRNA expression (Fig. 1K, right) that was paralleled by a
marked reduction in H3K27me3 levels at the Sp7 promoter (Fig. 1K, left). Together,
these results confirm a critical role of HDACs and Ezh2 in maintaining Sp7 gene
silencing in uncommitted mesenchymal cells. On the other hand, OB cells incubated
with the demethylase (Jmjd3 and Utx) inhibitor GSK-J4 (35) exhibited H3K27me3
enrichment at the Sp7 promoter (Fig. 1L, left) and a dose-dependent inhibition of Sp7
gene transcription (Fig. 1L, right). Hence, enhanced H3K27me3 levels at the Sp7
promoter repress Sp7 gene expression in osteoblasts, and Jmjd3/Utx activity contrib-
utes to maintaining reduced levels of this mark at this promoter and thereby contrib-
utes to stimulating Sp7 gene transcription.

Active DNA demethylation accompanies Sp7 gene activation during osteoblast
differentiation. DNA methylation accompanies Sp7 gene repression in nonosteoblas-
tic cells (23). We confirmed this result in our cell models by first evaluating cleavage
susceptibility at the Sp7 promoter to the isoschizomers Hpall and Mspl (two sites within
the promoter sequence under analysis), which are sensitive and insensitive to methyl-
ation, respectively (36). As necessary controls in all the experiments performed, we
evaluated a region of the proximal Runx2 gene P1 promoter that does not contain
Mspl/Hpall cleavage sites and a region of the Ric-8B promoter that contains an
unmethylated CpG island (37). As shown in Fig. 2A, the Sp7 promoter DNA is methyl-
ated in Ne, MB, MT, and UD cells. Interestingly, this pattern is also detected in human
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FIG 2 Sp7 gene expression is directly associated with the Sp7 promoter DNA methylation/hydroxymethylation status. (A, B, and D) DNA methylation (5mC) at
the Sp7 gene promoter in samples obtained from the indicated cell types was assessed by evaluating susceptibility to cleavage by the restriction endonucleases
Hpall (sensitive to 5mC) and Mspll (insensitive to 5mC) (A) as well as by MedIP analysis (B and D). (C and E) DNA hydroxymethylation (5hmC) was also determined
by MedlIP. In panel A, Ric-8B is a nonmethylated CpG-rich promoter sequence, and Runx2 is a low-CpG-containing promoter sequence that does not contain
Mspl/Hpall cleavage sites. In all MedIP analyses, CSa is a well-established unmethylated DNA sequence used as a control; MedIP values are expressed as a
percentage of the input. (F to I) Enrichment of Dnmt1 and Dnmt3a at the Sp7 gene promoter determined by ChIP, using antibodies and chromatin samples
isolated from Ne (F), MB and MT (G), UD and iOB (H), and OB (I) cells. ChIP values are expressed as a percentage of the input. See the legend to Fig. 1 for an
explanation of abbreviations and symbols. Data represent means = standard errors of the means (n = 3). *, P = 0.05; **, P = 0.01; ***, P =< 0.001; n.s., not
significant (as determined by Student’s t test).
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embryonic and mesenchymal stem cells (see Fig. S2 in the supplemental material) that
do not express Sp7, indicating that this repressive mark is conserved and can be
established early during development. In contrast, both OB and iOB cells exhibit
demethylated DNA at their transcriptionally active Sp7 promoter (Fig. 2A). These results
indicate that DNA demethylation at the Sp7 promoter accompanies the transcription of
this gene during osteogenesis.

To quantify these changes in DNA methylation, we performed methylated DNA
immunoprecipitation (MedIP) assays (see Materials and Methods). Elevated 5mC at the
Sp7 promoter was detected in cells that do not express Sp7, whereas an absence of
significant levels of this modification was determined in OB cells. Importantly, DNA
hypermethylation at the Sp7 promoter accompanies myogenic differentiation, reaching
values that are comparable to those found in neuronal and adipogenic cells (Fig. 2B and
Fig. S3). In recent years, DNA demethylation has been linked to the activity of Tet
hydroxylases (38, 39). Therefore, MedIP analyses were performed to determine 5hmC
levels at the Sp7 promoter in the different cell types under study (Fig. 2C). Significant
5hmC levels were detected only in UD cells (Fig. 2C). Moreover, it was determined that
5mC and 5hmC levels at the Sp7 promoter change during osteoblast differentiation
(Fig. 2D and E): a reduced level of 5mC is detected after 48 h of BMP2 treatment (Fig.
2D) in parallel with a robust increase in the level of 5hmC (Fig. 2E). These results
strongly argue in favor of a role of 5hmC (and therefore of Tet enzymes) in Sp7 gene
transcription activation during osteogenesis.

Using ChlIP, we then confirmed that Dnmts are bound to the Sp7 promoter in cells
that are not expressing Sp7 and that this interaction is decreased as the cells differ-
entiate to osteoblasts. As shown in Fig. 2F, maintenance and de novo Dnmts, the Dnmt1
and Dnmt3a proteins, respectively, are bound to the Sp7 promoter in Ne cells. Also, MB
cells show both proteins bound to the Sp7 promoter, and in MT cells, the Dnmt3a
interaction is significantly increased (Fig. 2G). In contrast, reduced Dnmt1 enrichment
and an absence of Dnmt3a at the Sp7 promoter are found during osteoblast differen-
tiation (UD to iOB) (Fig. 2H). This decreased Dnmt1/Dnmt3a binding pattern is similar
to that detected in OB cells (Fig. 2I), indicating that DNA demethylation that accom-
panies the transcription of the Sp7 gene during osteogenesis involves the release of
Dnmts from the Sp7 promoter.

Nucleosome content modulates the accessibility to regulatory regions as well as the
presence of specific epigenetic signatures, including histone PTMs and DNA methyl-
ation (40-42). Therefore, we evaluated whether changes in nucleosomal histone H3
accompany the above-described epigenetic profile at the Sp7 promoter during Sp7
gene activation. As shown in Fig. 3A, the promoter of this gene exhibits high-level and
comparable histone H3 enrichment among cells that are not expressing Sp7. In
contrast, OB cells show a significant reduction (about 50%) in histone H3 binding (Fig.
3A). Moreover, the histone H3 reduction is progressive during osteoblast differentiation
(Fig. 3B), indicating that the transcriptional activation of this gene during osteogenesis
involves a chromatin-remodeling event that likely includes the removal and/or dis-
placement of nucleosomes at regulatory regions that are proximal to the transcriptional
start site (TSS). This conclusion is further supported by data available at the ENCODE
Project Consortium (43) website (accessed through the UCSC genome browser [http://
genome.ucsc.edu/]) (44), where OB cells exhibit enhanced DNase | hypersensitivity at
the Sp7 promoter, in contrast to several other nonosseous cell types (Fig. 3C).

Changes in nucleosome distribution are strongly associated with the activity of
ATP-dependent chromatin remodelers (42). Hence, we next determined whether com-
plexes from the SWI/SNF family of chromatin remodelers are associated with the Sp7
promoter in the different cell systems under study. ChIP assays were performed by
using antibodies against the Brg1 and Brm catalytic subunits of the SWI/SNF complexes
(45). As shown in Fig. 3D, these proteins are not bound to the Sp7 promoter in neuronal
cells. Similarly, the enrichment of Brgl and Brm on this promoter is significantly
decreased during myogenic differentiation (Fig. 3E). In contrast, both proteins are
significantly enriched at the Sp7 promoter in iOB cells (Fig. 3F), reaching values that are
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FIG 3 Reduced histone H3 enrichment and SWI/SNF-dependent chromatin remodeling at the Sp7 promoter accompany Sp7 expression in osteoblasts. (A and
B) Histone H3 enrichment at the proximal promoter region of the Sp7 gene determined by ChIP of chromatin samples obtained from the indicated cell types
(A) as well as from UD cells incubated with BMP2 for up to 72 h (B). See the legend to Fig. 1 for an explanation of cell types and symbols. (C) DNase |
hypersensitivity (DNase | HS) profiles at the Sp7 gene promoter in different human cell types obtained from the ENCODE public database. Profiles are shown
as the density of DNase | cleavage signals. (D to G) ChIP analyses to detect binding of the SWI/SNF catalytic subunits Brg1 and Brm to the proximal promoter
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comparable to those found in OB cells (Fig. 3G). To establish a more direct relationship
between SWI/SNF activity and Sp7 gene transcription, we took advantage of a previ-
ously developed osteoblastic cell line (ROSBrmTA) that conditionally expresses
(tetracycline-inducible Tet-off system) a Flag-tagged Brm mutant protein that lacks ATP
hydrolysis activity (46, 47). This Brm protein is competent for assembling nonfunctional
SWI/SNF complexes (46, 48) that interact with target promoters and inhibit chromatin-
remodeling events (37, 46). As shown in Fig. 3H, ROSBrmTA cells grown in the absence
of tetracycline for 4 days expressed significant levels of the mutant Flag-tagged Brm
protein. This expression is coupled to an important decrease in the level of Sp7 mRNA
(Fig. 31), confirming that SWI/SNF activity is required for Sp7 expression in osteoblasts.
In agreement with data from previous reports, the expression of the mutant Brm
protein results in decreased Bglap and increased Ric-8B mRNA expression levels (Fig. 3I)
(37, 46) and does not affect the expression of the Runx2-p57 gene (47). Importantly, we
confirmed by ChIP that this mutant Flag-tagged Brm protein binds to the Sp7 promoter
in these cells (Fig. 3J) and that this interaction results in a significant increase in histone
H3 enrichment (Fig. 3K), which parallels Sp7 gene transcriptional inhibition. The inter-
action and the subsequent functional effect of the mutant Brm protein at the Sp7
promoter are selective, as the mutant Brm protein neither binds to a nonrelated
intergenic sequence (Fig. 3L) nor alters histone H3 enrichment at this region (Fig. 3M).
Together, these results confirm that an SWI/SNF-dependent nucleosome-remodeling
event accompanies the transcriptional activity of the Sp7 promoter in osteoblasts.
DNA demethylation is a primary event during transcriptional activation of the
Sp7 gene. As chromatin acetylation and DNA demethylation are critical components of
the molecular mechanisms that mediate Sp7 gene transcription during osteoblast
differentiation, it became relevant to address whether there is a hierarchical relation-
ship between both epigenetic mechanisms. This was assessed by using the well-
described effects of TSA and 5AzaC, inhibitors of HDAC and DNMT enzymes, respec-
tively (49, 50). As shown in Fig. 1J, incubation of UD cells with TSA results in a
dose-dependent increase of the Sp7 mRNA expression level. As described in previous
reports (51), this Sp7 gene activation is accompanied by an increase in the H3Ac level
at the Sp7 promoter (Fig. 4A). However, TSA-treated cells neither show an enrichment
of the active mark H3K4me3 nor exhibit a relevant decrease of the levels of the
repressive marks H3K9me3 and H3K27me3 (although the latter shows a slight reduc-
tion) at this region (Fig. 4A). In addition, histone H3 enrichment (Fig. 4B) and DNA
methylation (Fig. 4C) at the Sp7 promoter do not change following TSA treatment. It
was also found that although RNAPII enrichment is significantly enhanced at the Sp7
promoter by TSA treatment, binding of Dnmt1, Brg1, and Brm is not altered (Fig. 4D).
These results indicate that although TSA-dependent upregulation of Sp7 expression in
UD cells is accompanied by increased binding of H3Ac and RNAPII to the Sp7 promoter,
this gene activation does not involve the other two epigenetic hallmarks of this process
identified during osteogenesis, DNA demethylation and nucleosome remodeling. When
UD cells were grown in the presence of 5AzaC, a reduction of CpG methylation at the
Sp7 promoter (Fig. 4E) was accompanied by the dose-dependent transcriptional acti-
vation of the Sp7 gene (Fig. 4F). These changes were paralleled by H3Ac/H3K4me3
enrichment and H3K9me3/H3K27me3 reduction at the Sp7 promoter (Fig. 4G), thus
matching the profile previously found for the transcriptionally active Sp7 gene (Fig. 1).
Moreover, this active epigenetic signature is accompanied by reductions in both

FIG 3 Legend (Continued)
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region of the Sp7 gene in the different cell types. (H) Western blot analyses showing the expression of the Flag-tagged Brm mutant protein (Brm-NTP) in the
ROSBrmTA osteoblastic cell line grown in the presence (+) or absence (—) of tetracycline (Tet) for 3 days. Blots were revealed by using specific anti-Flag (top)
or anti-Brm (bottom) antibodies. (I) Sp7, Bglap, Ric-8B, and Runx2 mRNA expression levels in ROSBrmTA cells grown in the presence and absence of tetracycline.
mRNA levels were measured by RT-gPCR and are shown as values relative to the expression level of each gene in the presence of tetracycline, normalized to
the level of Gapdh. (J and K) Binding of the Flag-tagged mutant Brm protein (J) and enrichment of histone H3 at the Sp7 promoter (K) were determined by
ChIP of samples from cells grown in the presence or absence of tetracycline. (L and M) Evaluation of an unrelated genomic region, devoid of known regulatory
sequences (96), as a control. ChIP values and statistical significance were determined as described in the legend of Fig. 1. Data represent means *+ standard

errors of the means (n = 3). *, P =< 0.05; **, P = 0.01; ***, P = 0.001 (as determined by Student’s t test).
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FIG 4 Coordinated changes in epigenetic parameters accompany transcriptional activation of the Sp7 gene during osteoblast differentiation. UD cells were
grown in the presence of the HDAC inhibitor trichostatin A (TSA) (A to D) or the Dnmt inhibitor 5-azacytidine (5AzaC) (E to I) to induce chromatin
hyperacetylation or DNA demethylation, respectively. (A and B) H3Ac, H3K4me3, H3K9me3, and H3K27me3 levels (A) as well as histone H3 enrichment at the
Sp7 promoter (B) were determined by ChIP of chromatin samples from cells treated with TSA (50 nM) or the vehicle (ethanol). (C) Genomic DNAs from
TSA-treated and control cells were analyzed for changes in the 5mC status at the Sp7 promoter by assessing cleavage by Hpall and Mspl, as described in the
legend to Fig. 2. (D) Enrichment of RNAPII, Dnmt1, Brg1, and Brm at the Sp7 gene promoter in chromatin samples from TSA-treated and control cells measured
by ChIP. (E) DNA demethylation at the Sp7 promoter in UD cells treated with 5AzaC (10 uM) and the vehicle (dimethyl sulfoxide). (F) 5AzaC-dependent
demethylation of the Sp7 promoter and Sp7 expression. mRNA levels were determined as described in the legend to Fig. 1. (G) 5AzaC-dependent demethylation
of the Sp7 promoter and enrichment of H3Ac, H3K4me3, H3K9me3, and H3K27me3 marks at this sequence. (H) Decreased histone H3 enrichment at the Sp7
promoter as a consequence of 5AzaC-dependent demethylation. (I) Changes in enrichment of the RNAPII, Dnmt1, Brg1, and Brm proteins at the Sp7 promoter
as a consequence of 5AzaC-dependent demethylation. Enrichments were determined by ChIP as described in the legend to Fig. 1. Data represent means *=
standard errors of the means (n = 3). *, P = 0.05; **, P = 0.01; ***, P < 0.001 (as determined by Student's t test).

histone H3 enrichment (Fig. 4H) and Dnmt1 binding (Fig. 4l), together with increased
interactions of RNAPII and the SWI/SNF subunits Brg1 and Brm (Fig. 4l). Together, these
results indicate that DNA demethylation represents a critical primary molecular event
for the transcriptional activation of the Sp7 gene during osteoblast differentiation.
Tet-mediated 5hmC at the Sp7 promoter is required for sustained Sp7 gene
transcription during osteoblast differentiation. Tet enzymes can mediate DNA
demethylation through their DNA hydroxylase activity (39, 52). Therefore, we evaluated
whether these enzymes contribute to Sp7 gene activity during osteoblast differentia-
tion. As shown in Fig. 5A, Tet1 and Tet2, but not Tet3, are expressed in UD cells, and
this expression is enhanced during BMP2-induced osteoblast differentiation. The Tet1
and Tet2 proteins bind to the Sp7 promoter in UD cells, an interaction that is increased
following treatment with BMP2 and that is concomitant with Dnmt1 dissociation from
this promoter (Fig. 5B). Knockdown of Tet1 and/or Tet2 expression in UD cells was next
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FIG 5 Tet-dependent DNA demethylation of the Sp7 gene promoter and Sp7 expression during osteoblast differentiation. (A) Tet1 and Tet2,
but not Tet3, are expressed during BMP2-induced osteogenic differentiation. The Tet mRNA expression levels were assessed by RT-qPCR using
specific primers against each gene. mRNA values were normalized and are presented as described in the legend to Fig. 1. (B) Binding of the
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assessed by using specific short hairpin RNAs (shRNAs) that significantly reduce the
expression of each mRNA and protein (Fig. 5C). The independent knockdown of either
Tet1 or Tet2 results in a significant inhibition (about 50%) of Sp7 gene transcription in
iOB cells (Fig. 5D). Moreover, the double knockdown of Tet1/2 proteins (Fig. 5C)
produces an additive decrease in the Sp7 mRNA expression level (about 80%) (Fig. 5D).
This effect is maintained beyond 6 days of BMP2 treatment (Fig. 5E) and prevents the
normal progression of the osteoblast differentiation program, as reflected by the
markedly reduced alkaline phosphatase activity at the extracellular matrix of treated
cells (Fig. 5F) (53). These results indicate that Tet1 and Tet2 are required for Sp7 gene
expression and likely for the expression of downstream osteoblast-related genes during
osteogenic lineage commitment. Additionally, these results suggest that Tet1 and Tet2
functions are, at least partially, complementary at the Sp7 promoter. Tet1 or Tet2
knockdown results in the retention of 5mC at the Sp7 promoter in BMP2-treated cells
(Fig. 5G, left), whereas the double knockdown of Tet1/2 produces higher 5mC levels at
this promoter that are comparable to those detected in UD cells (Fig. 5G, left). The
increased 5mC level is accompanied by a significant reduction in the level of 5hmC at
the Sp7 promoter (Fig. 5G, right), further indicating that this 5hmC mark is mediated by
Tet1 and/or Tet2.

To address whether alterations in 5mC/5hmC levels at the Sp7 promoter in Tet1/
2-depleted cells also affect nucleosomal histone enrichment and the histone PTM
signature described above, ChIP assays were performed. Tet1/2-depleted cells exhibit
elevated histone H3 binding at the Sp7 promoter upon BMP2 stimulation (Fig. 5H),
reaching enrichment values that are comparable to those found in UD cells. The levels
of the H3Ac and H3K4me3 marks are reduced when Tet1/2 expression is silenced, and
the repressive marks H3K9me3/H3K27me3 are enhanced at the Sp7 promoter in these
Tet1/2-deficient iOB cells (Fig. 5H). The binding of the epigenetic regulators previously
found to be associated with Sp7 gene regulation was also evaluated under these
experimental conditions. As expected, the interaction of Tet1 and Tet2 with the Sp7
promoter was significantly reduced in these cells (Fig. 51). Similarly, the enrichment of
Brg1, Brm, Jmjd2a, and Jmjd3 was markedly decreased (Fig. 5). In contrast, the binding
of Utx was found to be unaltered (Fig. 51), indicating that the interaction of Utx with the
Sp7 promoter is Tet independent. Dnmt1 binding was retained at the Sp7 promoter in
Tet1/2-depleted cells treated with BMP2, with values that were comparable to those
detected in UD cells (Fig. 51). Together, these results indicate that Tet-dependent DNA
demethylation of the Sp7 promoter is required for the transcriptional activation of this
gene during osteoblast differentiation as well as for the binding of most of the
regulatory machinery at the Sp7 promoter that mediates the writing and erasing of the
epigenetic signature that accompanies Sp7 expression during osteogenesis.

Previous reports indicated that myoblastic C2C12 cells represent a model to study
osteogenic differentiation, as BMP2 stimulation results in the expression of numerous
bone-related genes and the downregulation of muscle-related genes (54). However,
this BMP2-dependent induction of the osteogenic program is often found to be

FIG 5 Legend (Continued)

Tet1, Tet2, and Dnmt1 proteins to the Sp7 gene promoter during osteoblast differentiation determined by ChIP using specific antibodies. (C)
Knockdown of Tet and Tet2 expression in UD cells. Lentiviral particles (LV) encoding shRNAs against Tet1 (shTet1) or Tet2 (shTet2) were used
to transduce UD cells separately or in combination (shTet1/2). Tet1 and Tet2 mRNA expression levels (top) were determined by RT-qPCR. Tet1
and Tet2 protein levels were confirmed by Western blotting. RNAPII protein levels were assessed to confirm equal protein loading and to
discard nonspecific effects. Relative quantification of the levels of Tet1 and Tet2 proteins (shown below each representative Western blot) was
assessed by using ImageJ software. An unrelated nonspecific ShRNA (shCtrl) was used as a control. (D) Effects of Tet1, Tert2, and Tet1/2
knockdowns on the expression of Sp7 mRNA during osteoblast differentiation. (E) Effect of Tet1/2 knockdown on the long-term expression
of the Sp7 gene in differentiating osteoblasts. Days of differentiation are indicated below the graph. (F) Cell culture staining to reveal alkaline
phosphatase activity in UD cells transduced with shCtrl and shTet1/2 lentiviruses and subsequently grown in the presence or absence of BMP2
for 48 h. The degree of blue staining reflects the level of alkaline phosphatase activity associated with the extracellular matrix of the cells.
(G) Effects of Tet1, Tet2, and Tet1/2 knockdowns on the presence of 5mC (left) and 5hmC (right) at the Sp7 promoter of iOB cells. 5mC and
5hmC were assessed by MedIP as described in the legend to Fig. 2. (H and I) Effect of Tet1/2 knockdown on the presence of posttranslationally
modified histones (H) and epigenetic modifiers (1) at the Sp7 promoter in iOB cells. Enrichments were assessed as described in the legend
to Fig. 1. In panels H and |, enrichment values are expressed as fold changes relative to the value for UD cells (set as 1). Data represent
means * standard errors of the means (n = 3). *, P = 0.05; **, P =< 0.01; ***, P = 0.001 (as determined by Student’s t test).
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FIG 6 DNA demethylation at the Sp7 promoter accompanies long-term expression of the Sp7 gene. (A) BMP2 treatment results in transient and
stable Sp7 gene expression in MB and UD mesenchymal cells, respectively. Sp7 mRNA levels were determined by RT-qPCR as explained in the
legend to Fig. 1 and are presented as values relative to the values for the corresponding untreated cells. (B) Treatment of MB cells with BMP2
for 48 h does not induce DNA demethylation at the Sp7 promoter. (C) Histone H3 enrichment at the Sp7 promoter is not reduced in MB cells
treated with BMP2 (48 h). (D) MB cells incubated with BMP2 exhibit increased enrichment of H3Ac but not of H3K4me3 at the Sp7 promoter. (E)
Enrichment of RNAPII, Dnmt1, and Tet2 (but not Tet1) at the Sp7 gene promoter in MB cells treated with BMP2 (48 h). Data represent means *+
standard errors of the means (n = 3). *, P = 0.05; **, P = 0.01; ***, P = 0.001 (as determined by Student’s t test).

associated with the inconsistent expression of late bone phenotypic markers (53, 55).
Here we determined that treatment of these MB cells with BMP2 results in a significant
increase in the Sp7 mRNA expression level that peaks after 48 h of incubation (Fig. 6A).
Nevertheless, the Sp7 mRNA level in BMP2-treated cells decreases nearly to basal levels
after 96 and 144 h of incubation (Fig. 6A). Interestingly, this transient Sp7 mRNA
expression is not found associated with decreased DNA methylation (Fig. 6B), reduced
histone H3 enrichment (Fig. 6C), or increased H3K4me3 levels (Fig. 6D) at the Sp7
promoter. Instead, this transiently elevated Sp7 mRNA expression level in BMP2-treated
MB cells is accompanied by increased H3Ac and RNAPII binding to the Sp7 promoter
(Fig. 6D and E, respectively). This pattern is similar to that found during Sp7 activation
induced by enhanced histone acetylation using the HDAC inhibitor TSA (Fig. 4A to D).
It was also found that Tet2 is the main Tet family member associated with the Sp7
promoter in BMP2-treated MB cells (Fig. 6E), although this level of interaction is
significantly lower than that seen in OB cells (Fig. 5B). Together, these results suggest
that although C2C12 cells are capable of engaging osteogenic lineage commitment by
expressing Sp7 (as well as several other osteoblast-related genes [22]), this expression
is only transient and does not involve the establishment of an epigenetic signature at
the Sp7 promoter that resembles that found in osteoblastic cells. These data also
confirm that Sp7 gene transcription in nonosteoblastic mesenchymal cells can be
induced by artificially enhancing histone acetylation at the Sp7 gene promoter using
the HDAC inhibitor TSA.

Coupling of DNA demethylation, H3K4 methylation, and H3K9me3 demethy-
lation activities during activation of the Sp7 gene. The demethylases Jmjd2a and
Jmjd3 bind to the Sp7 promoter during the osteoblast differentiation-linked activation
of this gene (Fig. TH). In addition, shRNA-mediated knockdown of Jmjd2a or Jmjd3
expression (Fig. 7A) inhibits Sp7 mRNA expression during BMP2-induced osteoblast
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FIG 7 Coupling of DNA demethylation with H3K4 methylation/H3K9me3 demethylation at the Sp7 promoter during osteoblast differentiation. (A) Demethylases
Jmjd2a and Jmjd3 were knocked down in UD cells by infecting the cells with lentiviruses coding for specific sShRNAs (shJmjd2a and shJmjd3, respectively).
Decreased expression levels of both demethylases were confirmed by RT-qPCR (mRNAs) (left) and Western blotting (proteins) (right). Infection with an unrelated
random shRNA (shCtrl) was used as a control. Normalizations were carried out as described in the legend to Fig. 5. (B) Knockdown of Jmjd2a and Jmjd3 impairs
Sp7 gene expression during osteoblast differentiation. Infected UD cells were treated with BMP2 for 48 h, and mRNA levels (Sp7 and Gapdh) were determined
by RT-qPCR. (C) Treatment of differentiating (iOB) cells with the demethylase inhibitor GSK-J4 (selective for Jmjd3) or C4 (selective for Jmjd2a) inhibits Sp7 mRNA
expression in a dose-dependent manner. (D and E) Knockdowns of Jmjd2a (D) and Jmjd3 (E) decrease their presence at the Sp7 promoter and affect the
enrichment (measured by ChIP) of histone H3, H3K9me3, H3K27me3, Tet1, Tet2, and Dnmt1 at this promoter sequence. Normalized enrichments are shown
as fold changes relative to the values for UD cells. (F) Binding (determined by ChIP) of key components of COMPASS and COMPASS-like complexes to the Sp7
promoter during osteoblast lineage commitment. Enrichment values are shown as a percentage of the input. (G) Tet1/2 knockdown impairs the interaction
(determined by ChIP) of the COMPASS complex subunits Wdr5 and Set1b with the Sp7 promoter in iOB cells. In contrast, only minor effects on the binding
of MII2- and Mll4-containing complexes are observed. Results are shown as fold changes relative to the value for UD cells (set as 1). Data represent means =
standard errors of the means (n = 3). *, P = 0.05; **, P = 0.01; ***, P = 0.001 (as determined by Student's t test).

differentiation (Fig. 7B). The effectiveness of these knockdowns was also confirmed by
ChIP (Fig. 7D and E); a decrease in the Jmjd2a or Jmjd3 expression level is reflected by
the reduced enrichment of these two proteins at the Sp7 promoter and by the
corresponding increase in the levels of the H3K9me3 and H3K27me3 marks. Interest-
ingly, an increase in the levels of these two repressive marks is also produced when
each demethylase is downregulated independently (Fig. 7D and E), suggesting that the
erasing of these histone PTMs at the Sp7 promoter may occur through a coordinated
mechanism. The independent depletion of Jmjd2a and Jmjd3 also results in an enrich-
ment of histone H3 at the Sp7 promoter (Fig. 7D and E), in agreement with the idea that
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the downregulation of Sp7 expression is accompanied by nucleosome enrichment at
the Sp7 promoter. The contribution of Jmjd3 and Jmjd2a activities to Sp7 gene
expression during osteogenic differentiation was also addressed by determining the
effect of the drugs GSK-J4 and C4, selective inhibitors of Jmjd3 and Jmjd2a, respectively
(35, 56). As shown in Fig. 7C, the BMP2-mediated upregulation of Sp7 mRNA expression
is inhibited, in a dose-dependent manner, by coincubation with either GSK-J4 (Fig. 7C,
left) or C4 (Fig. 7C, right). Accordingly, the binding of Tet1 and Tet2 to the Sp7 promoter
is significantly impaired in iOB cells where the Jmjd2a and Jmjd3 proteins have been
knockdown (Fig. 7D and E, respectively). These results further support the idea that a
coordinated mechanism is operating at the Sp7 promoter, involving the recruitment of
activities that both demethylate DNA and erase the H3K9me3 and H3K27me3 repres-
sive marks. In agreement with this, Dnmt1 enrichment at this promoter was found to
be significantly enhanced in Jmjd2a- and Jmjd3-depleted iOB cells (Fig. 7D and E,
respectively), supporting the concept that a mutually exclusive association of DNA
methylation and DNA demethylation regulatory machineries is directly related to the
H3K9me3 and H3K27me3 levels on the Sp7 promoter.

Previous studies demonstrated the contribution of Tet enzymes to the recruitment
of H3K4 methylase-containing COMPASS complexes to target sequences (57). As shown
in Fig. 7F, we confirmed that Wdr5, a critical component of COMPASS and COMPASS-
like complexes (58, 59), binds to the Sp7 promoter in iOB cells. This interaction of Wdr5
is accompanied by the binding of the Set1b methyltransferase and Cgbp, both of which
are components of the Set1/COMPASS complex (59). Also, the COMPASS-like methyl-
transferases MII2 and MIl4 were found to interact with this promoter in iOB cells (Fig.
7F). Importantly, the Wdr5, Cgbp, and Set1b proteins were only poorly bound to the
Sp7 promoter in UD cells, indicating that the interaction of Set1/COMPASS accompa-
nies H3K4me3 enrichment and the expression of the Sp7 gene during osteoblast
differentiation. On the other hand, MII2 and MII4 were found to be enriched at the Sp7
promoter in samples from UD cells (Fig. 7F), suggesting that their function at this locus
precedes Sp7 gene transcription. The association of Wdr5 and Set1b with the Sp7
promoter was found to be dependent on Tet1/2 expression and binding to this
regulatory region (Fig. 7G). In contrast, the binding of Mll4 to the Sp7 promoter was not
significantly impaired by Tet1/2 depletion (Fig. 7G). Together, these results indicate that
the enrichment of Tet1/2 proteins at the Sp7 promoter during osteogenic differentia-
tion is required for the interaction of COMPASS and COMPASS-like complexes that favor
Sp7 gene expression.

DISCUSSION

Our results demonstrate that DNA methylation is a critical component within the
mechanisms that maintain the stable repression of the Sp7 gene in nonosteoblastic and
preosteogenic cells. We determined that Tet-mediated DNA demethylation not only
accompanies the expression of this bone master regulator during osteoblast differen-
tiation but also is directly linked to the establishment of an epigenetic histone mark
profile at the Sp7 promoter that supports Sp7 gene transcription during BMP2-induced
osteogenesis (Fig. 8). Accumulating evidence demonstrates that Tet-mediated 5hmC in
mammalian genomes can represent a principal component during the active DNA
demethylation process that leads to transcriptional activation (60-66). Moreover, our
data indicate that the binding of both the Tet1 and Tet2 proteins to the Sp7 promoter
is critical for the recruitment of enzymatic machineries that mediate both the writing
and erasing that generate the epigenetic signature that accompanies Sp7 gene tran-
scription during osteogenesis (Fig. 8). In agreement with previously reported results (29,
30), our data suggest that the Tet1 and Tet2 proteins play a role not only during the
transcriptional activation of the Sp7 gene as 5mC hydroxylases but also by contributing
to scaffold regulatory proteins that mediate epigenetic control that favors transcription.

The necessity of DNA demethylation for a stable Sp7 gene expression profile was
further demonstrated by using promyoblastic cells. We found that BMP2-mediated
transient Sp7 expression in these cells is mainly correlated with enhanced H3Ac levels
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FIG 8 Proposed model for the epigenetic control of Sp7 gene expression during osteoblast lineage commitment. Key regulatory events and their
cognate regulatory complexes are schematically represented. Enrichments or reductions of epigenetic hallmarks at the Sp7 gene promoter are
indicated by arrows. Relative enrichments of the regulatory complexes are represented by the sizes of the spheres.

and increased binding of RNAPII at Sp7 promoter sequences. Other parameters of the
epigenetic signature associated with active and stable Sp7 gene expression during
osteoblast differentiation, including decreased binding of Dnmt1 and histone H3
together with increased enrichment of H3K4me3 and Tet1/2 (Fig. 8), were not identified
at the Sp7 promoter in myoblastic cells treated with BMP2. These results raise signifi-
cant concern about using BMP2-treated C2C12 cells as a model to address epigenetic
mechanisms controlling the expression of this bone master regulator. Additionally, it
was recently shown that the inability to activate Sp7 expression following incubation
with well-established osteoblast induction medium represents a critical limitation for
using mesenchymal stem cells derived from human umbilical cords as a source of
pro-osteogenic cells (67). Therefore, these results, together with results of our analyses
using the HDAC inhibitor TSA in uncommitted mesenchymal cells, indicate that the
activation of Sp7 gene transcription can be induced in nonosteogenic cells indepen-
dent of DNA demethylation and nucleosome remodeling at the Sp7 promoter although
concomitantly with increased histone acetylation and enhanced RNAPII binding. Nev-
ertheless, the stable Sp7 gene transcription observed during BMP2-induced osteoblast
differentiation involves Tet-dependent DNA demethylation and SWI/SNF-associated
nucleosome remodeling at the Sp7 promoter.

October 2017 Volume 37 Issue 20 e00177-17 mcb.asm.org 15


http://mcb.asm.org

Sepulveda et al.

Our results indicate that what can be identified as independent epigenetic mech-
anisms are also operating in a coordinated manner at the Sp7 promoter to mediate
DNA demethylation, nucleosome remodeling, and erasing of the H3K9me3 and
H3K27me3 repressive marks during osteogenic differentiation. Hence, we identify an
interdependent association of the demethylases Jmjd2a/Jmjd3 and the Tet1/2 proteins
with the Sp7 promoter. It is important to note that these interdependent interactions
are not due to unrelated variations in the expression levels of the genes encoding these
enzymes that are not directly targeted by our shRNA-mediated strategy (data not
shown). Previous studies also demonstrated a strong correlation between DNA meth-
ylation and the presence of the H3K9me3 repressive mark (68-72). In contrast, cur-
rently, there is not clear evidence supporting a direct relationship between DNA
methylation and H3K27me3 levels (73). Whether the H3K27me3 enrichment that
accompanies the decreased binding of Tet1/Tet2 to the Sp7 promoter results only from
the reduced interaction of a Jmjd3-containing complex will require further clarification,
as our analyses show that the binding of the other H3K27me3 demethylase, Utx, to this
promoter remains unaltered in Tet1/2-depleted cells. Hence, these results raise the
possibility that Utx activity is inhibited under these experimental conditions by an
unknown mechanism. These relevant aspects are currently being investigated by our
team. Similarly, future analyses will need to confirm the putative dynamic formation at
the Sp7 promoter of high-molecular-weight complexes, including these histone dem-
ethylases and other proteins mediating epigenetic activities identified in this study
(e.g., Tet proteins). In line with this possibility, it was reported previously that Jmjd3
forms a complex with Wdr5 and Brg1, key components of COMPASS and SWI/SNF
complexes, respectively (74, 75), and that Tet proteins can interact with these same
complexes (29, 57).

Our results demonstrate that the binding of the Tet1 and Tet2 proteins to the Sp7
promoter during osteogenic differentiation is necessary for the interaction of H3K4-
methylating complexes. This result is in agreement with data from previous reports
supporting an inverse relationship between DNA methylation and H3K4me3 enrich-
ment (76). Interestingly, it was recently reported that H3K4me3-dependent reexpres-
sion of epigenetically silenced genes requires a significant reduction of DNA methyl-
ation levels at the TSS of these genes (77), supporting the idea that a hierarchically
organized network of epigenetic mechanisms is operating at regulatory regions of
numerous genes in mammalian cells. Our results show that the stable and robust
expression of the Sp7 gene during osteoblast differentiation is associated with
H3K4me3 enrichment, the release of Dnmt1, and reduced levels of 5mC at the Sp7
promoter. Also, DNA methylation inhibition in our mesenchymal cells was accompa-
nied by H3K4me3 enrichment at the Sp7 promoter. We identified MII2-, Mll4-, and
Set1b-containing complexes at the Sp7 promoter, suggesting a functional overlap of
these H3K4-methylating complexes. Although the physiological relevance of these
results and their mechanistic implications are presently unclear, our results are in
agreement with data from previous reports indicating that genes can be recognized for
more than one H3K4 methylase complex (78-80). A recent study provides strong
evidence for a mechanism that, based on the selective sumoylation of COMPASS and
COMPASS-like complex subunits, supports a model where H3K4me3-mediated epige-
netic control is achieved through the dynamic formation of selective H3K4-methylating
complexes at target genes (80). Interestingly, we also find that the binding of Ml
proteins to the Sp7 promoter precedes transcriptional activation. Recent reports indi-
cate that MII3/4-containing complexes can have a role during gene repression by
mediating the deposit and maintenance of the H3K4me1 mark at target promoters (79,
81). Although it remains to be determined whether these methylases have similar
repressive roles at the Sp7 gene in uncommitted mesenchymal cells, it is encouraging
that their binding to this promoter is accompanied by elevated H3K4me1 levels.
Current experiments by our team are specifically addressing this question.

October 2017 Volume 37 Issue 20 e00177-17

Molecular and Cellular Biology

mcb.asm.org 16


http://mcb.asm.org

Tet-Mediated Epigenetic Control of the Sp7 Master Gene

MATERIALS AND METHODS

Chromatin immunoprecipitation. ChIP analyses were performed with cross-linked chromatin sam-
ples as described previously (37, 82), with the following considerations. Cell cultures were incubated for
10 min with 1X phosphate-buffered saline (PBS) containing 1% formaldehyde, with gentle agitation at
room temperature, after which a 10X glycine solution (1.25 M) was added to stop the cross-linking
reaction. Cross-linked cells were washed with 1X PBS three times, resuspended in 5 volumes of cell lysis
buffer (CLB) (50 mM HEPES [pH 7.8], 3 mM MgCl,, 20 mM KCl, 0.1% NP-40, and proteinase inhibitors), and
homogenized with a Dounce homogenizer. The cell extracts were collected by centrifugation at 3,000 X g for
5 min, resuspended in 500 ul of sonication buffer (50 mM HEPES [pH 7.9], 140 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% deoxycholate acid, 0.1% SDS, and proteinase inhibitors), and then incubated for 10
min on ice. Chromatin was sheared in a Bioruptor water bath sonicator (Diagenode Inc., NJ) to obtain
fragments of 200 to 500 bp. Extracts were sonicated at high power for three pulses of 5 min each and
centrifuged at 16,000 X g for 15 min at 4°C. Supernatants were collected, aliquoted, frozen in liquid
nitrogen, and stored at —80°C; one aliquot was used for A, measurements. The fragmented chromatin
size was confirmed by electrophoretic analysis. For immunoprecipitation (IP), 25 ug of cross-linked
chromatin extracts was diluted in sonication buffer and precleared by incubation with 2 ug of normal IgG
and 50 ul of protein A/G-agarose beads (Santa Cruz Biotechnology, Dallas, TX) for 1 h at 4°C. Chromatins
were first centrifuged at 4,000 X g for 5 min to collect the supernatant and then incubated with specific
antibodies overnight at 4°C (see Table S1 in the supplemental material for the list of antibodies used).
The immunocomplexes were recovered by the addition of protein A- or G-agarose beads, followed by
incubation for 1 h at 4°C. Immunoprecipitated complexes were washed once with sonication buffer,
twice with LiCl buffer (100 mM Tris-HCI [pH 8.0], 500 mM LiCl, 1% NP-40, and 1% deoxycholic acid), and
once with Tris-EDTA (TE) buffer (pH 8.0). Finally, the immunocomplexes were eluted in elution buffer (50
mM NaHCO, and 1% SDS) and incubated for 15 min at 65°C. Samples were centrifuged at 10,000 X g
for 5 min, and supernatants were collected for incubation overnight at 65°C, to reverse cross-linking in
the presence of RNase | (10 ng/ml). After incubation with proteinase K (100 wg/ml) for 2 h at 50°C, the
DNAs were recovered from samples by phenol-chloroform extraction followed by ethanol precipitation
using glycogen (20 ug/ml) as a precipitation carrier. Immunoprecipitated DNA was quantified by
quantitative PCR (qPCR) analysis, determining enrichment levels as a percentage of the amount of input
material. In some cases, values are shown as “normalized enrichment.” This corresponds to the enrich-
ment values determined for each specific immunoprecipitation that are then expressed relative to the
corresponding values determined in undifferentiated C3H10T1/2 cells. Primers used are listed in Table S2
in the supplemental material.

Reverse transcription-qPCR (RT-qPCR) analysis. Total RNA was extracted with TRIzol (Thermo
Fisher, Waltham, MA), according to the manufacturer’s protocol, using 2 g of RNA for reverse tran-
scription. qPCR was performed by using Brilliant Il SYBR green gPCR master mix (Agilent Technologies,
Santa Clara, CA) in a Stratagene Mx3000P thermal cycler (Agilent Technologies). All primer concentra-
tions and melting temperatures for the qPCRs were previously standardized for approximately 100%
efficiency. Sequences of primers used are listed in Table S2 in the supplemental material.

Cell culture. Each cell line used was purchased from the American Type Culture Collection (ATCC)
and was cultured according to the corresponding standard indications. C3H10T1/2 cells (ATCC CCL-226)
were cultured at low confluence in Dulbecco’s modified Eagle’s medium (DMEM) (catalog number
11965-092; Gibco, MA) supplemented with 10% fetal bovine serum (FBS) and 50 U/ml penicillin-
streptomycin. C2C12 cells (ATCC CRL-1772) were cultured at low confluence in DMEM-F-12 medium
(catalog number 12500-062; Gibco) supplemented with 10% FBS and 50 U/ml penicillin-streptomycin.
N2a cells (ATCC CCL-131) were cultured in DMEM supplemented with 10% FBS and 50 U/ml penicillin-
streptomycin. MC3T3 cells (ATCC CRL-2593) were cultured in alpha-minimal essential medium (alpha-
MEM) (catalog number A10490-01; Gibco) with 10% FBS and 50 U/ml of penicillin-streptomycin. For
osteoblast differentiation experiments, C3H10T1/2 cells were stimulated according to previously de-
scribed protocols (83). A total of 150,000 cells were seeded per 100-mm dish, maintained for 3 days until
they reached 80% confluence, and then changed to fresh medium supplemented with 300 ng/ml of
BMP2 (catalog number 4577; BioVision, CA). Treated and control cells were cultured for 48 h or as
indicated in each figure. BMP2 treatments of C2C12 cells were performed similarly, and samples were
collected at the indicated times. For myogenic differentiation, C2C12 cells were treated according to
previously described protocols (84). A total of 150,000 cells were seeded per 100-mm dish, maintained
for 2 days until they reached 80% confluence, and then changed to DMEM-F-12 medium containing 10%
horse serum. This differentiation medium was replaced every 2 days. Myotubes were collected after 4
days of differentiation. Neuronal N2a cells were grown until they reached 90% confluence, after which
medium was replaced with DMEM containing 1% FBS to arrest proliferation and thus promote the
acquisition of the characteristic neuronal phenotype (85). Cells were collected 4 days later, replacing the
medium every 2 days. Preosteoblastic MC3T3 cells were seeded at low confluence (150,000 cells per
100-mm dish), cultured until they reached confluence, and then differentiated for 5 days in alpha-MEM
containing ascorbic acid (50 ng/ml) to acquire a mature osteoblastic phenotype (37).

Knockdown of gene expression. Gene silencing experiments were performed with validated
lentiviral particles carrying control or gene-specific shRNAs (86) obtained from Sigma-Aldrich (MO).
Infection protocols were carried out according to standard methods, as previously reported (87), in the
presence of 10 ug/ml of Polybrene. Cells were infected at low confluence levels (~40%) and cultured for
the indicated times. The efficiency of knockdown was finally checked by RT-qPCR and Western blot
analysis.
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Methylated DNA immunoprecipitation analysis. MedIP analysis was performed as described
previously (88, 89). We extracted genomic DNA from cultured cell samples by overnight proteinase K
treatment in lysis buffer (20 mM Tris [pH 8.0], 4 mM EDTA, 20 mM NaCl, and 1% SDS), phenol-chloroform
extraction, ethanol precipitation, and RNase digestion. Genomic DNA was then sonicated to produce
fragments of ~400 bp. Four micrograms of fragmented genomic DNA was used for each immunopre-
cipitation reaction mixture. Genomic DNA was then denatured for 10 min at 95°C and immunoprecipi-
tated overnight at 4°C with 10 ul of anti-5-methylcytidine (Eurogentec) or anti-5-hydroxymethylcitydine
(Active-Motif) antibodies in a final volume of 500 ml of IP buffer (10 mM sodium phosphate [pH 7.0], 140
mM Nacl, 0.05% Triton X-100). The mixture was incubated with 50 ul of protein A-agarose beads for 2 h
at 4°C and washed twice with 700 ul of IP buffer. The beads with were then treated with 7 ul of
proteinase K (10 mg/ml) in 250 ul of digestion buffer (50 mM Tris [pH 8.0], 10 mM EDTA, and 0.5% SDS)
for 3 h at 50°C. Immunoprecipitated DNA was recovered by phenol-chloroform extraction followed by
ethanol precipitation using glycogen as the precipitation carrier. Purified DNA was then evaluated by
gPCR analysis, defining the enrichment levels as a percentage of the input material. Primers used for
qPCR analysis, including those used to evaluate negative and positive control genomic sequences (CSa
and intracisternal A particle [IAP], respectively), are listed in Table S2 in the supplemental material.

DNA methylation analyses using restriction endonucleases. Purified genomic DNA was obtained
from the different cellular samples after overnight proteinase K treatment in lysis buffer (20 mM Tris [pH
8.0], 4 mM EDTA, 20 mM NaCl, and 1% SDS), phenol-chloroform extraction, ethanol precipitation, and
RNase digestion. Five micrograms of genomic DNA was cleaved overnight with 20 U of the Hpall
(methylation-sensitive) or Mspl (methylation-insensitive) enzyme (New England BioLabs, Ipswich, MA) in
the corresponding buffers at 37°C (90). With this approach, two Hpall/Mspl sites (positions —313 and
—114) were analyzed at the proximal Sp7 promoter. For the analysis of each digested DNA, 200 ng was
used as the template for PCRs. Amplified products were then electrophoresed in 1% agarose gels. Primer
sequences used to amplify the sequences associated with the Sp7, Runx2-P1, and Ric-8B promoters are
listed in Table S2 in the supplemental material.

Tet-off system to generate SWI/SNF-deficient osteoblastic cells. To determine whether Sp7
expression requires the activity of SWI/SNF chromatin-remodeling complexes, we used the ROSBrmTA
osteoblastic cell line that expresses an ATPase-deficient Flag-tagged Brm mutant protein under the
control of the tetracycline-inducible promoter system (37, 46, 47). ROSBrmTA cells were maintained in
F-12 medium (5% FBS, 14 mM NaHCO,, 800 uM CaCl,, and 28 mM HEPES) supplemented with the
antibiotics hygromycin (50 pg/ml) and Geneticin (100 pg/ml) for selective pressure and tetracycline
(10 ng/ml) to control inducible expression by the Tet-off system. The mutant Brm protein is expressed
in these cells after growth in medium lacking tetracycline for 3 days. Cells were then collected and
processed for Western blotting, RT-qPCR, and ChIP analyses.

Drugs to inhibit chromatin-modifying enzymes. All drugs used in this study were previously
described (33-35, 91, 92). 5-Azacytidine (catalog number A2385; Sigma-Aldrich) inhibits DNA methyl-
transferases, trichostatin A (catalog number T8552; Sigma-Aldrich) inhibits a wide range of histone
deacetylases (HDACs), GSK-126 (catalog number 2282; BioVision) inhibits the Ezh2 methyltransferase, and
GSK-J4 (catalog number SML0701; Sigma-Aldrich) inhibits both the Utx and Jmjd3 histone demethylases.

Analyses of nuclear proteins by Western blotting. Nuclear extracts were prepared according to
standard methods (93). Purified histones were obtained by using a standard acid extraction method (94),
using Slide-A-Lyzer dialysis cassettes with a molecular mass cutoff of 3.5 kDa. In both cases, protein levels
were quantified by Bradford's assay, using bovine serum albumin as a standard (95).

For Western blot analyses, 10 or 5 ug of total nuclear extracts or purified histones, respectively, was
subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and then transferred to a nitrocellulose
membrane. Immunoblotting was performed with secondary antibodies conjugated to horseradish
peroxide (HRP) and enhanced chemiluminescence solutions (Perkin-Elmer, Waltham, MA). Primary anti-
bodies used are listed in Table S1 in the supplemental material. Six percent and 12% acrylamide gels
were used to resolve proteins of high and low molecular weights, using RNAPII or TFIIB levels to control
for protein loading.

Alkaline phosphatase activity assays. C3H10T1/2 cell monolayers were washed twice with Dul-
becco’s PBS (without Ca2*/Mg2*), fixed with a 1% formaldehyde solution during 5 min, washed again
with Dulbecco’s PBS (without Ca2*/Mg?*) plus 0.05% Tween 20, and finally rinsed in staining solution
(0.1 M Tris-HCI [pH 9.5], 0.1 M NaCl, 0.05 M MgCl,, 0.1% Tween 20) containing NBT (Nitro Blue
Tetrazolium)-BCIP [5-bromo-4-chloro-3-indolylphosphate] reagent (catalog number 11681451001; Roche,
Mannheim, Germany) with incubation at room temperature for 30 min in the dark (87). Staining
corresponds to the formation of a blue precipitate that was captured by using conventional photo
cameras.
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