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Inhibition of the epigenetic suppressor EZH2 primes
osteogenic differentiation mediated by BMP2
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Bone-stimulatory therapeutics include bone morphogenetic
proteins (e.g. BMP2), parathyroid hormone, and antibody-based
suppression of WNT antagonists. Inhibition of the epigenetic
enzyme enhancer of zeste homolog 2 (EZH2) is both bone ana-
bolic and osteoprotective. EZH2 inhibition stimulates key com-
ponents of bone-stimulatory signaling pathways, including the
BMP2 signaling cascade. Because of high costs and adverse
effects associated with BMP2 use, here we investigated whether
BMP2 dosing can be reduced by co-treatment with EZH2 inhib-
itors. Co-administration of BMP2 with the EZH2 inhibitor
GSK126 enhanced differentiation of murine (MC3T3) osteo-
blasts, reflected by increased alkaline phosphatase activity, Aliz-
arin Red staining, and expression of bone-related marker genes
(e.g. Bglap and Phosphol). Strikingly, co-treatment with BMP2
(10 ng/ml) and GSK126 (5 um) was synergistic and was as effec-
tive as 50 ng/ml BMP2 at inducing MC3T3 osteoblastogenesis.
Similarly, the BMP2-GSK126 co-treatment stimulated osteo-
genic differentiation of human bone marrow-derived mesen-
chymal stem/stromal cells, reflected by induction of key osteo-
genic markers (e.g. Osterix/SP7 and IBSP). A combination of
BMP2 (300 ng local) and GSK126 (5 ug local and 5 days of 50
mg/kg systemic) yielded more consistent bone healing than sin-
gle treatments with either compound in a mouse calvarial criti-
cal-sized defect model according to results from pCT, histo-
morphometry, and surgical grading of qualitative X-rays. We
conclude that EZH2 inhibition facilitates BMP2-mediated
induction of osteogenic differentiation of progenitor cells and
maturation of committed osteoblasts. We propose that epige-
netic priming, coupled with bone anabolic agents, enhances
osteogenesis and could be leveraged in therapeutic strategies to
improve bone mass.

This article contains supporting information.
* For correspondence: Andre J. van Wijnen, vanwijnen.andre@mayo.edu.
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Bone morphogenetic proteins (BMPs) are protein ligands of
the transforming growth factor superfamily of morphogens and
growth factors that control many biological processes, includ-
ing osteoblast differentiation and bone regeneration (1, 2).
BMP2 is the first osteogenic member of this superfamily (3, 4)
and one of the most widely studied and clinically relevant mem-
bers of this protein family. BMP2 and BMP7 are potent induc-
ers of bone formation in vitro and function by activating canon-
ical BMP signaling via binding to types I and II BMP receptors
(1,5, 6). Activated BMP receptors then phosphorylate and acti-
vate Smad proteins (e.g. Smadl, 5, and 8), which in turn com-
plex with a co-Smad (Smad4). These Smad complexes then
translocate into the nucleus to induce transcriptional changes
within activated cells (7). Runt-related transcription factor 2
(Runx?2), the homeodomain transcription factor DIx5, and the
zinc finger protein Osterix/Sp7 are key genes induced by
canonical BMP signaling (8 —14). Transcriptional induction
of Runx2 results in the activation of the osteogenic cascade
in progenitor cells to stimulate osteoblast differentiation and
bone formation (15).

Fracture healing is a regenerative process that recapitu-
lates many of the events that occur during fetal stages of
skeletal development (16, 17). Progenitor cells differentiate
directly into osteoblasts during intramembranous bone
repair whereas a cartilaginous callus precedes bone forma-
tion during endochondral bone repair. Osteogenic path-
ways, including BMP signaling, are critical for proper healing
through both intramembranous and endochondral mecha-
nisms (18). Although normal fracture healing results in com-
plete bone restoration, 5 to 10% of all fractures do not heal
properly (19-21) resulting in 100,000 nonunions each year
in the United States (22). Delayed fracture healing can result
in increased time lost from work and medical costs, chronic
pain, opioid use, and disability. BMP proteins are induced
during native fracture repair (23, 24) and their administra-
tion alone or in combination with carrier materials (e.g. col-
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Synergy between BMP2 and Ezh2 inhibition

lagen sponge) has been shown to promote healing in fracture
and critical-sized defect animal models (25-28). Following
promising outcomes in clinical trials (29-31), BMP2 is in
current clinical use for orthopedic indications including tib-
ial fracture healing and high-risk spine fusion (32). Despite
its success, the clinical applications of high concentrations of
BMP2 are limited because of high cost (33) and detrimental
side effects such as heterotopic ossification, osteolysis, and
airway obstruction (2, 34). Thus, there is a need for safe
augmentation of fracture healing and bone fusion in surger-
ies where there is a high risk of nonunion.

Epigenetic mechanisms are critical regulators of skeletal
development and osteoblast differentiation (35-37). Enhancer
of zeste homolog 2 (Ezh2), the catalytic subunit of the poly-
comb-repressive complex 2 (PRC2), catalyzes mono-, di-,
and tri-methylation of lysine 27 of histone H3 (H3K27mel,
H3K27me2, and H3K27me3) (38, 39). An alternative PRC2
complex in which Ezh1 serves as the catalytic subunit possesses
the same enzymatic activity but appears to have a more
restricted biological role (38, 40, 41). The enzymatic activity of
the PRC2 complex and accumulation of the H3K27me3 mark is
associated with chromatin condensation and gene suppression
(38). Although Ezh2 is essential for proper skeletal patterning
and bone formation (42—48), reducing the H3K27 methyltrans-
ferase activity of Ezh2 enhances osteogenic lineage commit-
ment and osteoblast differentiation in vitro, as well as bone
formation in vivo (44, 49-56). Mechanistically, Ezh2 loss results
in areduction in stem cell numbers and promotes expression of
established bone-related genes, stimulates expression of genes
involved in the activation of ligand-dependent signaling path-
ways (e.g WNT, PTH, and BMP2 pathways), and enhances
Smad1/5 phosphorylation (BMP2 signaling) in differentiating
osteoblasts (44, 47, 54, 57). In a reciprocal manner, forced
expression of Ezh2 inhibits in vitro and in vivo osteogenesis,
highlighting the importance of Ezh2 in the osteogenic fate of
stem cells (51).

Ezh2 inhibition may enhance bone-anabolic pathways in
osteoblasts and be leveraged in clinical practice to promote bio-
logical bone repair. Because Ezh2 inhibitors such as GSK126
and EPZ-6438 have been assessed in clinical trials (58, 59), it
may be feasible to combine these agents with BMP2 to enhance
bone healing and reduce cost and side effects associated with
BMP2. Therefore, in this study we assessed whether combining
BMP2 treatment with Ezh2 inhibition would maximize osteo-
genic differentiation. We show that co-treatment of BMP2 and
the Ezh2 inhibitor GSK126 promotes osteoblast differentiation
in vitro and supports intramembranous bone healing in a crit-
ical-sized calvarial defect model in vivo.

Results

Ezh2 inhibition synergizes with BMP2 to induce osteogenic
differentiation of MC3T3 pre-osteoblasts

Our group and others have shown that loss of Ezh2 function
stimulates in vitro osteogenesis, enhances in vivo bone forma-
tion, and prevents bone loss associated with estrogen depletion
(44, 51, 54-56). Additional analyses demonstrated that Ezh2
inhibition stimulates paracrine signaling, including activation
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Figure 1. GSK126 potentiates BMP2-induced expression of osteogenic
genes in MC3T3 cells. A, experimental set-up for BMP2 and GSK126 treat-
ment and osteogenic differentiation of MC3T3 pre-osteoblasts. GSK126 and
BMP2 were administered on days 0 and 3 of differentiation (cells were
exposed to compounds for 6 days). RNA was isolated on day 9 of osteogenic
differentiation. B, expression (RT-qPCR) of two established osteogenic mark-
ers, Bglap and Phospho1, on day 9 of differentiation (n = 3). Differentiating
MC3T3 cells were treated with vehicle (black dashed line), 5 um GSK126 (blue
dashed line), varying concentrations of BMP2 (2.5 to 100 ng/ml) in the absence
(red solid line) or presence (green solid line) of 5 um GSK126. C, expression of
Bglap and Phospho1 upon 5 um GSK126 administration alone or in combina-
tion with and 25 ng/ml and 5 ng/ml BMP2, respectively (n = 3).* = p < 0.05,
** = p <0.01,** = p<0.001.

of BMP signaling, enhanced expression of Wnt ligands, and
up-regulation of the Pthlr receptor (54). To understand the
interplay between osteoblast stimulatory effects of Ezh2 inhibi-
tion and the BMP signaling pathway, we assessed the impact of
GSK126, a specific Ezh2 inhibitor, in combination with recom-
binant BMP2 during osteogenic differentiation of MC3T3 pre-
osteoblasts (Fig. 1). Differentiating MC3T3 cells were treated
with an established concentration of GSK126 (5 um) (54) and
varying concentrations of BMP2 (Fig. 14). As demonstrated
previously (44, 54), GSK126 enhances expression of osteo-
blast-related genes (osteocalcin/Bglap and phosphoethanol-
amine/phosphocholine phosphatasel/Phosphol) (Fig. 1B and
Fig. S1). Similarly, BMP2 treatment also stimulates expression
of these genes in a dose-dependent manner. Even the lowest
concentration of BMP2 (2.5 ng/ml) enhances the expression
of osteogenic genes. Maximal osteogenic gene expression is
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reached with 50 ng/ml of BMP2 in MC3T3 cells. In this assay, 5
M GSK126 is equivalent to 10 ng/ml BMP2 when comparing
expression of Bglap and Phosphol (Fig. 1B, compare blue
dashed line with red line). Interestingly, when compared with
BMP2 administration, the combination of 5 um GSK126 with
various BMP2 concentrations further stimulates osteogenic
gene expression. It is noteworthy that low concentrations of
BMP2 (2.5-10 ng/ml) in combination with GSK126 achieve
expression levels similar to high BMP2 concentrations (Fig. 1B,
compare red line to green line). Importantly, the combination of
GSK126 and BMP2 exceeds the maximal effects of BMP2 alone
on osteogenic gene expression. The effects of combinatory
treatments are significantly different when compared with
BMP2 treatment alone (Fig. 1B, red versus green line). As a
further illustration of co-stimulatory effects, we compared gene
expression at individual BMP2 concentrations (Fig. 1C).
GSK126 and BMP2 enhance osteogenic gene expression; the
dual administration of these pro-osteogenic factors synergisti-
cally activates Bglap and Phosphol expression.

To further characterize this biological interaction between
BMP2 and Ezh2 inhibition, GSK126 (5 uM) was combined with
low (10 ng/ml) and high (50 ng/ml) concentrations of BMP2 in
differentiating MC3T?3 cells (Fig. 24). As anticipated, both Ezh2
inhibition and BMP2 treatment stimulates expression of the
key osteogenic transcription factor (Osterix/Sp7) and extracel-
lular matrix genes (Bglap and bone sialoprotein/Ibsp) (Fig. 2B).
Pairwise comparisons of each treatment group using two-way
analysis of variation (ANOVA) demonstrates significantly dif-
ferent gene expression profiles throughout the differentiation
time course for all three genes (Sp7, Bglap, and Ibsp) (Table S1).
Of note, the combination of GSK126 and BMP2 (at both low
and high concentrations) significantly enhances the effects of
either agent alone. This is especially evident with the combina-
tion of GSK126 with the low BMP2 concentration (compare
dashed green line to blue and dashed red lines). Expression pro-
files of Sp7, Bglap, and Ibsp for vehicle-treated samples are
shown as individual line graphs (Fig. 2C), demonstrating that
differentiation of MC3T3 cells enhances expression of osteo-
genic genes in the absence of BMP2 and GSK126. However,
because the effects of BMP2 and GSK126 are rather dramatic,
vehicle treatment under standard differentiation conditions in
osteogenic media (black line) result in a far more modest up-
regulation of osteogenic genes that is difficult to appreciate on a
log scale. The synergistic effects of GSK126 and low BMP2 are
evident when assessing Bglap and Ibsp expression on a single
representative time point (day 6) during osteogenic differenti-
ation (Fig. 2D). The gene expression data are corroborated by
results obtained using assays detecting alkaline phosphatase
activity (Fig. 2E) and Alizarin Red staining (Fig. 2F), which are
established histochemical assays for osteoblast differentiation.
Although minimal Alizarin Red staining is observed in low
BMP2 and GSK126 treatment groups at this early stage of
osteoblast differentiation, robust mineral deposition is ob-
served with co-administration of GSK126 and low BMP2 on
day 20 of osteoblastogenesis. Hence, our results demonstrate
that inhibition of Ezh2 synergizes with BMP2 to stimulate dif-
ferentiation of MC3T3 pre-osteoblasts.

SASBMB
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Differential gene expression changes with Ezh2 inhibition and
BMP2 administration

To assess the mechanisms by which GSK126 and BMP2 co-
stimulate osteoblast differentiation, RNA from differentiating
MC3TS3 cells (described in Fig. 2) was subjected to RNA-Seq
analysis (Fig. 3). Unbiased principal component analysis (PCA)
(60) of robustly expressed genes (RPKM >0.3 in at least one
group per time point, n = 11,974 genes on day 1, n = 12,307
genes on day 6) reveals BMP2- and GSK126-specific clustering
of gene expression profiles on day 1 (Fig. 3A) and day 6 (Fig. 3B).
It is noteworthy that GSK126 plus BMP2 combination clusters
differently when compared with each compound alone, sug-
gesting distinct effects of these agents on gene expression in
differentiating osteoblasts. Based on these findings, we set out
to identify genes that are differentially expressed on day 1 and
day 6 across the six different treatment groups (vehicle, 10
ng/ml BMP2, 50 ng/ml BMP2, 5 um GSK126, 10 ng/ml BMP2 +
5 um GSK126, and 50 ng/ml BMP2 + 5 um GSK126). For this
analysis, we selected genes that were detected by RNA-Seq
(average RPKM >0.1 across six samples at each time point) and
were differentially expressed with a fold change greater than
two (FC >2) between any of the six treatment groups at each
time point. This bioinformatic analysis revealed 1263 differen-
tially expressed genes on day 1 (Fig. 3C) and 3712 differentially
expressed genes on day 6 (Fig. 3D) between the six treatment
groups during MC3T3 differentiation. Interestingly, hierarchi-
cal clustering of differentially expressed genes reveals a group-
ing between low BMP2 concentration plus GSK126 with high
concentration BMP2 alone or combination with GSK126. A
clear hierarchical clustering separation occurs between these
three highly osteogenic treatment groups when compared with
the other three treatment groups with less osteogenic potential
(vehicle, 10 ng/ml BMP2, and 5 um GSK126). This global
expression analysis demonstrates that BMP2 and GSK126 each
induce different gene expression programs in differentiating
MC3T3 cells. In addition, it appears that GSK126 enhances
expression of BMP2-responsive genes; this compound may also
indirectly inhibit genes suppressed by BMP2 during osteoblast
differentiation.

Co-stimulation of bone-related genes by concurrent
administration of BMP2 and GSK126

To identify genes that are synergistically activated by BMP2
and GSK126, we selected for highly expressed genes (RPKM
>0.3) that are induced by BMP2/GSK126 combination when
compared with vehicle (FC >2 on day 1, FC >4 on day 6) and
are also robustly up-regulated in the BMP2/GSK126 combina-
tion when compared with sole BMP2 and GSK126 treatments
(FC >1.4 on day 1, FC >2 on day 6). These analyses reveal 23
co-activated genes with low BMP2 and GSK126 combination,
whereas high BMP2 and GSK126 combination results in 18
co-stimulated genes on day 1 of osteogenic differentiation
(Table S2 and Fig. 4A). Several of these genes (e.g. DIx3, Ibsp,
Wifl, Igfbp5, Hey1, and Nog) are implicated with skeletal for-
mation. Nine of these genes are commonly up-regulated
between low BMP2 plus GSK126 and high BMP2 plus GSK126
combinations. Both low and high concentrations of BMP2 in
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Figure 3. Differential gene expression changes upon BMP2 and GSK126 treatment in MC3T3 cells. RNA derived from differentiating MC3T3 cells treated
with vehicle, GSK126, BMP2, and GSK126/BMP2 combination was assessed by mRNA-Seq analysis (see Fig. 2A, day 1 and day 6 samples). A and B, unbiased PCA
onday 1 (A) and day 6 (B) of osteogenic differentiation (RPKM >0.3 in at least one group for each time point). The analysis included 11,974 (day 1) and 12,307
(day 6) genes. C and D, hierarchical clustering of differentially expressed genes on day 1 (C) and day 6 (D) of osteogenic differentiation. The analysis included
genes that were detected by mRNA-Seq technology (average RPKM >0.1 across six samples at each time point) and were differentially expressed (FC >2
between any of the six treatment groups at each time point). The resulting hierarchical clustering is made up of 1263 (day 1) and 3712 (day 6) genes.

combination with GSK126 result in synergistic activation of 78
and 82 genes, respectively, of which 47 are common between
the two combination groups on day 6 of osteoblast differentia-
tion (Table S3 and Fig. 4B). Because of the significant overlap
between the two drug combinations on day 6, additional bioin-
formatics analysis was performed on the commonly up-regu-
lated genes (n = 47). DAVID 6.8 enrichment score analysis
reveals several biological processes that are represented by
these commonly up-regulated genes (Fig. 4C). Interestingly, 2

of 10 most highly enriched categories (green bars, biomineral-
ization and ossification) are directly related to bone formation
processes. To investigate potential protein—protein networks
within the enriched gene set interactions, these 47 genes were
assessed by STRING analysis (Fig. 4D). This analysis reveals a
major protein—protein interaction network termed biomineral
tissue development (red circles), which includes several well-
characterized osteoblast/osteocyte-related genes (e.g. Ibsp,
Phex, Bglap, Dmpl, and Sppl). In sum, these transcriptome

Figure 2. BMP2 and GSK126 synergistically activate osteogenic differentiation of MC3T3 cells. A, experimental protocol illustrating the treatment,
differentiation, and analysis of MC3T3 cells. B, expression (RT-qPCR) of osteogenic markers (Sp7, Bglap, and lbsp) at several time points (n = 3). C, expression
(RT-gPCR) of osteogenic markers in the vehicle treated group (n = 3). D, expression (RT-qPCR) of Bglap and Ibsp on day 6 (n = 3).E, alkaline phosphatase activity
assay on day 6 (n = 3). F, Alizarin Red staining (left) and quantification (right) on day 20 (n = 3).* = p < 0.05, ** = p < 0.01, *** = p < 0.001,a versus b = p <

0.001.
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Figure 4. Synergistic activation of osteogenic genes by dual administration of BMP2 and GSK126 in MC3T3 cells. To identify genes that are synergisti-
cally activated by BMP2 and GSK126 administration, we selected for genes that are highly expressed (RPKM >0.3), are highly induced by BMP2/GSK126
combination when compared with vehicle treatment (FC >2 on day 1, FC >4 on day 6), and are enhanced by BMP2/GSK126 combination treatment when
compared with individual BMP2 and GSK126 treatments (FC >1.4 on day 1, FC >2 on day 6). A and B, Venn diagram analysis showing genes that are
synergistically activated when low (10 ng/ml) and high (50 ng/ml) BMP2 concentrations are combined with GSK126 (5 uwm) on day 1 (A) and day 6 (B) of
osteogenic differentiation. Gene list and expression profiles are shown in supporting materials (Tables S2 and S3). Cand D, DAVID 6.8 enrichment score analysis
() and STRING analysis (D) of synergistic genes commonly up-regulated in low BMP2 plus GSK126 and high BMP2 plus GSK126 treatment (n = 47) on day 6 of
osteogenic differentiation. £, H3K27me3 enrichment analysis by ChIP-Seq of all genes that are up-regulated by low and high BMP2 plus GSK126 combination
(n =113, see panel B) in vehicle and 5 um GSK126 treated (24 h) MC3T3 cells. F, ChIP-Seq track examples for Dmp1 and DIx3 of input and H3K27me3 pull-downs

in vehicle (V) and 5 um GSK126 (G) -treated MC3T3 cells.
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data demonstrate that the combination of BMP2 and GSK126
results in co-stimulatory up-regulation of genes that are
involved in osteoblast-related processes.

Similar to co-stimulated genes, bioinformatic analysis re-
veals gene sets that are co-suppressed by the combination of
BMP2 and GSK126 (Fig. S2 and Tables S2 and S3). Combina-
tion of either low BMP2 with GSK126 or high BMP2 with
GSK126 results in the co-suppression of genes on day 1 (Fig.
S2A) and day 6 (Fig. S2B) of osteogenic differentiation. How-
ever, there is no overlap on day 1 whereas only 19 genes overlap
on day 6 when low and high BMP2 concentrations are com-
bined with GSK126. Because of few overlapping genes (n = 19),
DAVID 6.8 enrichment score analysis (Fig. S2C) and STRING
analysis (Fig. S2D) on day 6 were performed on all co-sup-
pressed genes (m = 101). Interestingly, enrichment score
analysis reveals a robust suppression of genes related to cell
division, including enriched categories such as cell cycle, chro-
mosome, and microtubule. In support, protein—protein net-
work interaction by STRING reveals an interaction network
termed cell division (blue circles). Thus, these data demonstrate
that, in addition to enhancing expression of osteogenic genes,
the combination of BMP2 and GSK126 suppresses cell division
in MC3T3 cells to generate a postproliferative state that sup-
ports differentiation.

To assess whether gene expression changes directly correlate
with changes in H3K27me3 upon Ezh2 inhibition, ChIP-Seq
analysis was performed on MC3T3 cells treated with vehicle
and 5 uM GSK126 for 24 h. Our analysis is focused on up-reg-
ulated genes because the loss of H3K27me3 is associated with
gene activation. Although our initial analysis demonstrated an
overall reduction in H3K27me3, including in regulatory regions
of key osteogenic loci (54), our current analyses focused on
assessing H3K27me3 status of genes that are activated by dual
administration of BMP2 and GSK126 (Fig. 4, B—D). These anal-
yses reveal that 24-h treatment with 5 um GSK126 reduces
H3K27me3 levels at genomic regions of genes that are up-reg-
ulated by prolonged (6 days) GSK126 and BMP2 treatment dur-
ing osteogenic differentiation (Fig. 4E). Because significant up-
regulation of key osteogenic/osteocytic markers (e.g Phex,
Bglap, Dmpl, and Sppl) occurs by dual administration of
BMP2 and GSK126, we assessed H3K27me3 levels at genomic
regions of these bone-related genes. As illustrated by the Dmp1
locus (Fig. 4F), administration of GSK126 did not significantly
alter H3K27me3 levels of mature osteoblast/osteocyte markers
in MC3T3 cells. Because of the low number of loci that are
activated by dual BMP2 and GSK126 treatment on day 1 (i.e.
low BMP2 plus GSK126 and high BMP2 plus GSK126), it is
not informative to perform general epigenomic profiling by
averaging H3K27me3 marks across gene bodies. Yet, examina-
tion of loci-specific assessment reveals a significant reduction
in H3K27me3 at genomic regions spanning the DIx3 gene (Fig.
4F), akey osteogenic transcription factor that is up-regulated by
the dual administration of GSK126 and BMP2 (Fig. 4A4) and
whose function is required for early stages of osteogenic differ-
entiation (61). These results collectively indicate that activation
of late osteoblast markers by dual administration of BMP2 and
GSK126 may not be caused by changes in H3K27me3 at these
loci, but rather may change Ezh2-mediated methylation events
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in the regulatory regions of osteogenic factors that are activated
during earlier stages of osteoblast differentiation.

BMP2 and Ezh2 inhibition coordinately activate osteogenic
lineage commitment in human bone marrow- derived MSCs
(hBMSCs)

To assess BMP2 and GSK126 interaction during osteogenic
differentiation in an uncommitted nonimmortalized cell cul-
ture model, we utilized hBMSCs derived from commercially
purchased bone marrow (62) (Fig. 5). As with pre-committed
MC3T3 osteoblasts, hBMSCs were treated with BMP2 and
GSK126 during the first 6 days of osteogenic differentiation
(Fig. 5A). Similar to results with MC3T3 osteoblasts and human
adipose—derived MSCs (hAMSCs) (44, 54), preventing the for-
mation of new H3K27me3 marks by GSK126 reduces total
H3K27me3 marks in a concentration-dependent manner in
hBMSC:s (Fig. 5B). However, unlike in MC3T3 and hAMSCs,
inhibition of H3K27me3 formation by GSK126 does not com-
pletely eliminate H3K27me3 in hBMSCs. The latter finding
suggests that attrition of H3K27me3 marks because of histone
demethylation in hBMSCs proceeds slower than in MC3T3s
and hAMSCs. Also, no appreciable effects of GSK126 are
observed on EZH2, H3, and GAPDH protein levels, except for
the highest concentration (10 um). As anticipated, BMP2 treat-
ment increases osteogenic gene expression in a concentration-
dependent manner (Fig. 5C). For comparison, expression of
the housekeeping gene AKT1 is not altered with BMP2 and
GSK126 administration relative to GAPDH. We note that
GSK126 treatment does not have a significant impact on the
expression of bone-related genes during osteogenic differenti-
ation of hBMSCs, presumably in part because H3K27me3 levels
are less acutely down-regulated upon Ezh2 inhibition. Similar
to MC3T3 osteoblasts, the addition of GSK126 increases the
osteogenic effects of BMP2 treatment on gene expression in
hBMSC:s. Interestingly, co-stimulation is observed for GSK126
and high BMP2 concentrations on day 6 (top graphs), but the
combination of GSK126 with alow BMP2 dose shows strongest
co-stimulation on day 13 (bottom graphs). These findings dem-
onstrate that BMP2 and GSK126 co-induce osteogenic lineage
commitment of hBMSCs, complementing the co-stimulatory
effects observed during osteoblast maturation of MC3T3 cells.

Co-administration of BMP2 and GSK126 results in more
consistent bone healing

Encouraged by our in vitro results, we performed initial fea-
sibility studies to address whether BMP2 and GSK126 are able
to co-stimulate bone formation iz vivo in a critical-sized calvar-
ial defect mouse model (Fig. 6) (63). The defect was created in
the left parietal bone using a 2.5-mm dental trephine attached
to a low-speed dental drill controlled by a manual foot pedal.
The experiment was performed in adult (12 weeks old)
C57BL/6] male mice, which were sacrificed and assessed 4
weeks after surgery (16 weeks of age). Vehicle, BMP2 (0.3 ug),
GSK126 (5 ug), and the BMP2/GSK126 combination were
administrated at the defect site at time of surgery. Mice also
received (intraperitoneal injections) 50 mg/kg GSK126 or vehi-
cle (DMSO) 1 day before surgery, on the day of surgery, and 3
consecutive days after surgery (54). X-ray analysis demon-
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Figure 5. GSK126 potentiates BMP2-induced expression of osteogenic genes in hBMSC. A, experimental set-up for BMP2 and GSK126 treatment and
osteogenic differentiation of hBMSCs. B, Western blot analysis of differentiating hBMSCs upon Ezh2 inhibition. Cells were treated with vehicle and varying
GSK126 concentrations (0.6 to 10 um). Protein was harvested and assessed on day 3 of osteogenic differentiation. C, RT-qPCR analysis of osteogenic markers
(SP7 and IBSP) and AKT1 (housekeeping gene) during osteogenic commitment of hBMSCs (n = 3, aversus b = p < 0.001, c versus d = p < 0.05). Gene expression

analysis was performed on days 6 and 13 of osteogenic differentiation.

strates minimal healing in the vehicle and GSK126-treated
mice (Fig. 6A and Fig. S3). Although robust healing is observed
in some BMP2-treated animals, several calvarial defects did not
heal properly within this group. With one exception, mice
exhibit robust calvarial healing with dual administration of
BMP2 and GSK126. To quantify the healing process, micro-
computed tomography (wCT) (Fig. 6, B and D) and histomor-
phometric (Fig. 6, Cand E) analyses of the calvarial defects were
performed. These studies revealed significant differences
between various treatment groups when assessing for bone
mineral density (BMD) and bone volume fraction (bone volume
to total volume ratio (BV/TV)), including a robust difference
between vehicle-treated mice and mice treated with the com-
bination of both BMP2 and GSK126. Interestingly, wCT and
histomorphometry reveal more consistent healing in the com-
bination group when compared with the BMP2 group (note
spread of red versus green data points).

As an additional quantification method, two orthopedic sur-
geons were tasked to blindly grade the healing process by scor-
ing X-ray images of the calvarial defects (Fig. 7 and Fig. S3). We
utilized a modified version of the method described by Spicer

7884 J Biol. Chem. (2020) 295(23) 7877-7893

and colleagues (64). In this study (scale 0 to 5), a score of 0
indicates no bone formation whereas a score of 5 represents a
completely healed defect (see “Experimental procedures” sec-
tion for additional information) (Fig. 7A). In addition, the sur-
geons were also asked to rank order the calvaria defects (n = 22)
from worst (score of 1) to best (score of 22) healed (Fig. 7B).
Robust healing scores are evident in the BMP2 and combina-
tion groups (Fig. 7A). BMP2 is significantly different when com-
pared with vehicle treatment when assessed by healing score
and rank. Interestingly, the combination treatment of BMP2
and GSK126 is significantly different when compared with
vehicle and GSK126 treatment as quantified by both methods.
To assess the potential for observer bias, we examined the heal-
ing score and rank between the two surgeons. The interob-
server correlation was excellent between both orthopedic sur-
geons, with a Spearman’s Rho (p) of 0.93 for healing grade and
091 for overall rank in terms of healing (Fig. 7C). Taken
together, the wCT and histomorphometry results, as well as the
surgeon-defined healing score and rank indicate that BMP2
and the combination of both BMP2 and GSK126 mediate
robust bone healing. However, the healing scores revealed a

SASBMB


https://www.jbc.org/cgi/content/full/RA119.011685/DC1
https://www.jbc.org/cgi/content/full/RA119.011685/DC1

J:\ll Vehicle

Synergy between BMP2 and Ezh2 inhibition

GSK126

B BMD (uCT) BVITV (uCT) C BV/TV (Histomorphometry)
500 TT 06 = 0.25+ X*
= sxx XX pxx 7] %k ko ok * % % . * %
[ ] Sk —_T
400 : ° . 0.204 ¢
_ o0 ° ®
3 0.4 . ®
£ - -
% 300 & 2 . E 0.15 .
o 2004 5 ® 0 010
= T
+ 0.05-
A b

Vehicle

Combo e 1&;;

1 mm

Figure 6. BMP2 and GSK126 combination results in more consistent bone healing. Critical-sized calvarial defect model (left parietal bone) was created and
treated (vehicle, BMP2, GSK126, and combination of BMP2 and GSK126) as described in “Experimental procedures.” Relevant tissues (skulls/calvaria) were
harvested and processed 4 weeks (28 days) after the surgery. A, representative x-rays of four treatment groups. B and C, X-rays of all defects are shown in Fig.
S3. uCT (B) and histomorphometric (C) quantification of the calvarial defect model (n = 4 to 7, mean = STD, ** = p < 0.01, *** = p < 0.001). Each point on the
graph represents an individual mouse. Defect margins were identified and native bone was excluded from the quantification. D and E, examples of uCT scans
(D) and histologic coronal staining () of calvarial defects for each treatment group.

more consistent healing in the combination group when com-
pared with BMP2 alone.

To address potential differences in healing consistencies
between BMP2 and BMP2/GSK126 combination, additional
statistical analysis was performed to assess for variance. In
regard to the distribution of the data points, the point estimate
of the variance for BMP2 versus the combination group favors
the combination group as more consistent (lower estimated
variance) in every comparison made (BMD, BV/TV (uCT),
BV/TV (histomorphometry), healing score, and healing rank

SASBMB

(see Figs. 6 and 7). The statistical odds that five of five compar-
isons of variance estimates favor the same group (BMP2 plus
GSK126) are unlikely to be driven by chance alone (p = 0.01).
The distribution of data for BMD, as presented in Fig. 6B,
reveals a variance of 18,861 for the BMP2 group and 2633 for
the combination group (7-fold less variance, p = 0.047). Simi-
larly, the variance of BMP2 BV/TV via uCT is 0.026, as com-
pared with 0.006 for the combination group, representing over
4-fold less variance for the combination group (p = 0.13). For
histomorphometric evaluation, the variance of BMP2 scoring is
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Figure 7. Healing consistency within the BMP2 and GSK126 group is sup-
ported by orthopedic surgeon assessment. A and B, defect X-rays were
scored blindly based on healing score (0, no healing to 5, completely closed)
(A) and healing rank (1, worst healed to 22, best healed) (B) by two orthopedic
surgeons (* = p < 0.05). The scores are averages of the scores and ranks given
by the two orthopedic surgeons. Detailed methodology is described in the
“Experimental procedures” section. C, correlation graph confirming consis-
tent defect ranking by the two orthopedic surgeons.

2.25 compared with 0.5 for the combination group (p = 0.11).
Finally, when assessing healing rank (see Fig. 7B), the variance
for BMP2 is 42.3, as compared with the combination group
variation of 3.8, or 10-fold less (p = 0.02). In sum, our statistical
assessment for variance indicates that the combination group
yields more consistent healing when compared with BMP2
treatment alone.

Taken together, our feasibility studies to examine the effects
of co-treating a bone defect with both BMP2 and GSK126 are
encouraging. These initial in vivo studies revealed that both
drugs are compatible: At a minimum, the results show that
GSK126 does not antagonize the osteogenic effects of BMP2
and, in a more optimistic interpretation, may reduce individual
variation in healing outcomes (e.g. perhaps by accelerating the
bone repair process).

Discussion

We and others have demonstrated that Ezh2 is required for
skeletal development and recognized the concept that inhibi-
tion of this epigenetic enzyme can enhance bone formation in
vitro and in vivo (42-56). The established evidence suggests
that the pro-osteogenic effects of Ezh2 inhibition arise from
de-repression of osteogenic genes (e.g. Sp7) as well as stimula-
tion of osteogenic pathways through up-regulation of ligands
(e.g.,Wntl0b), receptors (Pthlr), and posttranslation modifica-
tion (e.g. Smad1/5 phosphorylation) (39, 54). Based on this evi-
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dence, we hypothesized that inhibition of Ezh2 may be com-
bined with established bone anabolic therapeutics to stimulate
osteogenesis and bone formation. Combining Ezh2 inhibition
with BMP2 treatment is especially attractive as lowering con-
centration of this ligand could enhance its therapeutic poten-
tial, lower its side effects, and may reduce costs associated with
its use (2, 33, 34). Consequently, this study assessed the effects
of combining BMP2 and GSK126 (Ezh2 inhibitor) on osteogen-
esis in vitro and bone healing in vivo.

Our current studies confirm the previously established pro-
osteogenic effects of Ezh2 inhibition (GSK126) in MC3T3 cells
(54). Although Ezh2 inhibition has also been shown to stimu-
late osteogenic commitment of hAMSCs (44), we did not
observe an enhancement in the expression of osteogenic genes
in hBMSCs treated with GSK126. These divergent effects could
be attributed to the varying levels and stability of H3K27me3
levels upon Ezh2 inhibition. Consistent with this reasoning,
although H3K27me3 is completely eliminated by 2 um GSK126
in hAMSCs (44), a significant amount of H3K27me3 is ob-
served when hBMSCs are treated with 10 um GSK126 (present
study). The different sensitivities to Ezh2 inhibition may be
because of varying pharmacodynamics and pharmacokinetics
(e.g. cellular import and export of GSK126, and drug metabo-
lism), as well as molecular differences in Ezh2 regulation (e.g.
Ezh2 protein turnover) in different cell types. It is also possible
that different expression patterns or activities of the other
H3K27 methyltransferase (Ezh1) and opposing H3K27 demeth-
ylases (Jhdm1d, Kdm6a, and Kdm6b) may contribute to varying
cellular responses to Ezh2 inhibition (i.e. GSK126) (38 — 40, 65).

The pro-osteogenic effects of BMP2 were established about
three decades ago (3, 4, 66—68). As anticipated, BMP2 stimu-
lates osteogenic differentiation of MC3T3s and hBMSCs in a
concentration-dependent manner. Previous studies have sug-
gested that modifying the DNA and histone protein epig-
enomes may enhance BMP2-induced osteogenesis (50, 69-72).
We show here that combination of BMP2 and Ezh2 inhibition
(GSK126) results in strong co-stimulatory enhancement of
MC3T3 and hBMSC differentiation. Importantly, we establish
that dual GSK126 and BMP2 treatment results in enhanced
expression of key osteoblastic/osteocytic genes (e.g. Dmp1) that
is accompanied by a reduction in genes related to cell division.
These findings are in line with studies showing that BMP2
enhances osteogenesis while also suppressing cell proliferation
in differentiating cells (73, 74). Similarly, inactivation of Ezh2 is
associated with enhanced osteogenic differentiation and cell
cycle alterations (44, 47, 54). Interestingly, although GSK126
reduces overall H3K27me3 at genomic regions of genes acti-
vated by the combination of BMP2 and GSK126, our analysis
did not reveal significant alterations in histone methylation of
late osteogenic markers such as Dmp1, suggesting that activa-
tion of more proximal events linked to key osteogenic tran-
scription factors (e.g. reduction of H3K27me3 at the DIx3 locus)
may support the pronounced co-stimulated activation of late
phenotypic markers of osteogenic differentiation.

One key question is how synergism between GSK126 and
BMP2 signaling during osteoblast differentiation is achieved.
This question requires consideration of temporal and causative
perspectives at both molecular and cellular levels. Pharmaco-
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logical doses of GSK126 (0.2-2.0 uMm) quantitatively reduce
deposition of H3K27me3 marks in MSCs and osteoblasts
within 6 h (44, 54). Within several days, the loss of gene-sup-
pressive H3K27me3 marks results in the activation of quies-
cence-related genes to stop proliferation and promotes osteo-
genic differentiation by stimulation of PTH, WNT, and BMP
signaling pathways (44, 47, 54). Yet, mature osteoblast-specific
genes (e.g. Bglap/osteocalcin) are not maximally expressed until
at least 10 days after initiation of osteoblast differentiation (54).
Hence, GSK126-dependent demethylation is a mechanistic
event that occurs very proximal to osteoblast maturation.

Exogenous administration of BMP2 rapidly induces the
serine/threonine kinase activity of BMP receptors (e.g
Bmprla, Bmpr2) that phosphorylate Smadl-Smad5; phos-
pho-Smad1/5 then interacts with Runx2 and induces expres-
sion of the Bglap/osteocalcin which is directly controlled by
at least three Runx2-binding sites (1, 75-78). Thus, BMP2
signaling directly connects the bone morphogenic activity of
BMP2 to the transcriptional activity of a bone-specific mas-
ter regulator via protein phosphorylation. Therefore, biolog-
ical synergy between Ezh2 inhibition and BMP2 is not medi-
ated at the molecular level but must be understood at the
level of cellular pathways.

Although BMP receptor—dependent protein kinase activity
atthe cell surface cannot alter the Ezh2-dependent methylation
of H3K27me3 in the nucleus, our previous data have shown that
inhibition of H3K27me3 enhances the expression of genes that
activate the endogenous BMP2-BMP receptor—Smad1/5 axis
(54). Consistent with this model, we find that Ezh2 inhibition by
GSK126 in MC3T3 osteoblasts decreases H3K27me3 at the
DIx3 locus and increases expression of DIx3; DIx3 is closely
related to DIx5 and both represent osteogenic and BMP2-re-
sponsive homeodomain transcription factors. Because DIx3/5
proteins act initially upstream of RUNX2 (11, 12), and because
Runx2 is upstream of the BMP2 responsive Sp7/Osterix pro-
tein (11, 79), it is apparent that GSK126 accelerates early
stages of osteoblast differentiation by direct effects on DIx3
and indirectly on the molecular interplay between DIx3,
Runx2, and Sp7.

BMP2 signaling during osteoblast differentiation is thought
to activate several positive and negative feedback loops to
ensure orderly progression of osteoblast differentiation. For
example, activation of endogenous production of BMP2 pro-
teins by osteoblasts is expected to ensure sustained paracrine
signaling of this potent osteogenic morphogen (70, 80, 81). This
study shows that GSK126 reduces the deposition of epigenetic
marks that normally suppress expression of BMP2-responsive
osteogenic genes such as DIx3. Hence, GSK126 preconditions
and facilitates the BMP2 response by reducing epigenetic bar-
riers in chromatin. This mechanism is known as epigenetic
priming and has been described previously in the cancer field to
clarify the enhanced efficacy of anticancer drugs in the presence
of epigenetic inhibitors (37, 82, 83). The general significance of
our findings is that it extends the concept of epigenetic priming
as a cancer therapy into a viable strategy for promotion of
osteoblast differentiation in bone-regenerative medicine.

As part of ongoing studies aimed at developing strategies to
promote bone formation and healing, our groups recently
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developed a mouse calvarial critical-sized defect model (63).
We applied this model in our studies as an illustration of the
translational potential of our work. As anticipated, local admin-
istration of BMP2 resulted in robust healing 4 weeks after defect
formation. Our current studies confirm the healing potential of
local administration of BMP2, but administration of GSK126
(local plus global) did not quantitatively improve the healing
process. The in vivo results were less impressive than our in
vitro findings, because combination of BMP2 and GSK126 did
not result in statistically significant differences in healing com-
pared with BMP2 alone. However, GSK126 certainly did not
antagonize the osteogenic effects of BMP2 and co-treatment
appeared to be trending toward modestly improved healing.
The encouraging finding of these studies is that the combina-
tion regimen resulted in more consistent healing compared
with BMP2 treatment alone, as measured by analytical tech-
niques (uCT and histomorphometry) and subjective measure-
ments by orthopedic surgeons (healing score and rank).

Combination treatment of GSK126 and BMP2 yields more
consistent calvarial bone healing compared with BMP2 alone
based on statistical assessment of variance. Our bone healing
scores were based on end point analysis, which shows signifi-
cant variation in the extent of bone healing. The latter is attrib-
utable to individual differences in the rate of bone formation in
mice. Although GSK126 cannot quantitatively increase bone
healing beyond completion (i.e. 100%), it can temporally accel-
erate healing, which is expected to decrease individual variation
in end point healing scores. Hence, the observed reduction in
variance for the combination of GSK126 and BMP2is notincon-
sistent with improved healing relative to BMP2 alone.

While in vitro experimentation allowed for titration of BMP2
and GSK126 to establish a synergistic interaction, our in vivo
studies were limited to previously established delivery methods
and dosing regimens for these pro-osteogenic agents. One of
the limitations of our study is the timing of BMP2 and GSK126
delivery, which may have reduced overall efficacy of the co-
treatment. BMP2 was delivered locally whereas GSK126 was
delivered locally and systemically (initial 5 days). Fine tuning
GSK126 administration may result in more pronounced and
increasingly titratable combinatory effects. Loss of Ezh2 activ-
ity has been shown to induce cell cycle alteration in primary
mesenchymal stem cells, and balancing the desired effects (i.e.
enhanced osteogenesis) (44, 54) with potential side effects (i.e.
cell cycle arrest) (47) may be required to best harness the ben-
eficial effects of Ezh2 inhibition. Future studies on the optimi-
zation of dosing for both BMP2 and Ezh2 may consider several
routes of deliveries and assess whether it is realistic to have both
treatments be given at the same times, which would ultimately
be preferable from a surgical standpoint. Another limitation of
our in vivo study is the administration of 300 ng BMP2, a dose
which was shown by our group to stimulate calvarial defect
healing in mice (63). This BMP2 dosing regimen is similar to
other calvarial defect healing mouse studies (84 —86). Yet, this
dose was optimized to support efficient bone healing with
BMP2 and hence would not be the most effective method for
examining the efficacy of BMP2 in the presence of GSK126,
which ideally would be performed with suboptimal doses. Of
interest, while our study was in progress, Reyes et al. (86) dem-
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onstrated that BMP2-induced healing can be enhanced by
MMP10 co-administration at 4 weeks but not at 8 weeks post
surgery. Thus, future studies on the impact of Ezh2 inhibition
on BMP2-mediated calvarial healing should examine earlier
stages of the bone healing process and consider lower doses of
BMP2.

The key finding of this study is that co-incubation of BMP2
with an epigenetic drug (the Ezh2 inhibitor GSK126) primes
osteoblast differentiation in culture. Our present study demon-
strates that short-term application of GSK126 is sufficient to
greatly enhance osteogenic effects of BMP2 in vitro in MC3T3s
and hBMSCs. Thus, it may be possible to condition or program
MSCs with BMP2 and epigenetic drugs such as GSK126 ex vivo
before implantation into bone defects to enhance the desired
bone anabolic effects. This approach may be more appropriate
in the case of Ezh2 inhibitors as the osteogenic effects can be
maximized and the undesired effects virtually eliminated as the
recipient (study animal or human) would not come in contact
with drug but rather epigenetically modified cells. Indeed, stud-
ies have shown that engineered hAMSCs overexpressing BMP2
and miR-148b (miRs/microRNAs are a form of epigenetic reg-
ulation) result in robust calvarial defect healing in immuno-
compromised mice (87, 88). Mechanistically, it was concluded
that miR-148b enhanced and prolonged BMP2 expression to
stimulate osteogenesis both in vitro and in vivo.

Recent studies on Ezh2 and its inhibitors have suggested that
it may be possible to manipulate H3K27 methylation to stimu-
late osteogenesis and bone formation. Although previous evi-
dence demonstrated bone anabolic and osteoprotective effects
of Ezh2 inhibitors in mouse models of osteoporosis (54—56),
our current evidence suggests that Ezh2 inhibition is not suffi-
cient to enhance the bone healing process in vivo. However, our
studies suggest that Ezh2 inhibition may provide the basis for
new strategies for epigenetic priming to enhance the osteogenic
effects of BMP2 in vitro and perhaps in vivo.

Experimental procedures
MC3T3 cell culture

MC3T3 sc4 murine calvarial osteoblasts (89) were purchased
from American Type Culture Collection and maintained in
a-minimal essential medium without ascorbic acid (Gibco)
containing 10% fetal bovine serum (Atlanta Biologicals), 100
units/ml penicillin, and 100 pg/ml streptomycin (Gibco).

hBMSC cell culture

hBMSCs were isolated from bone marrow mononuclear cells
purchased from Lonza (cat. no. 2 M-125C) by plastic adher-
ence. Briefly, frozen bone marrow mononuclear cells were
thawed in maintenance media comprised of advanced mini-
mum essential medium (Gibco) containing 10% fetal bovine
serum, 2 mM L-glutamine (Gibco), 100 units/ml penicillin, and
100 ug/ml streptomycin. Cell suspensions were centrifuged at
200 X g for 15 min for three cycles; cell pellets were re-sus-
pended in maintenance media and at 30,000 cells/cm?. Cells
were allowed to adhere for 7 days following which nonadherent
cells in the media were removed by aspiration. Fresh medium
was added and replaced every 3—4 days. Adherent cells were
allowed to form colonies and expand for 3—5 weeks after which
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colonies were harvested and re-plated at 5000 cells/cm?. Cells
from passage 4—6 were used for all in vitro and in vivo
experiments.

Osteogenic differentiation

For osteogenic differentiation, MC3T3s and hBMSCs were
seeded in respective maintenance medium at a density of
10,000 cells/cm?. Next day, osteogenic medium supplemented
with vehicle, GSK126 (Xcess Biociences Inc.), recombinant
human/mouse/rat BMP2 (R&D Systems; 355-BM), and combi-
nation of GSK126/BMP2 was added to the cells. Osteogenic
medium for MC3T3 cells consisted of 50 ug/ml ascorbic acid
(Sigma) and 4 mm B-glycerol phosphate (Sigma). Osteogenic
medium for hBMSCs contained 50 pg/ml ascorbic acid, 8 mm
B-glycerol phosphate, and 10" ® M dexamethasone (Sigma).
Three days later, old medium was replaced with a fresh batch of
osteogenic medium supplemented with vehicle, GSK126,
BMP2, and combination of GSK126/BMP2. On day 6 of differ-
entiation, fresh osteogenic medium without supplements was
added and replenished every 2 to 3 days.

Real-time reverse transcriptase PCR (RT-qPCR)

Total RNA was isolated using the Direct-zol™ RNA kit
(Zymo Research) and quantified using the NanoDrop 2000
spectrophotometer (Thermo Fischer Scientific). RNA was then
reverse transcribed into cDNA by the SuperScript III First-
Strand Synthesis System (Invitrogen). Transcript levels were
then measured using the 2%*“* method and normalized
GAPDH (set at 100), a housekeeping gene. Gene-specific prim-
ers are shown in Table S4.

Western blotting

Cell lysis and Western blotting were performed as de-
scribed previously (44, 47, 48, 54). Proteins were visualized
using the ECL Prime detection kit. Primary antibodies used
were actin (1:10,000; sc-1616; Santa Cruz Biotechnology),
H3 (1:10,000; 05-928; Millipore), and H3K27me3 (1:5000;
17-622; Millipore).

Alkaline phosphatase activity assay

On day 6 of osteogenic differentiation, media were removed
and cells were washed one time with PBS. Tris-EDTA buffer
(0.1X) was then added to the wells to completely cover the cells.
The plate was then stored at —80 °C for at least 2 h and then
thawed back to room temperature. 500 ul of para-nitrophenyl-
phosphate solution (2.5 mg 4-nitrophenylphosphate disodium
salt hexahydrate (Sigma) per 1 ml of buffer (0.1 m diethanol-
amine, 150 mm NaCl, 2 mm MgCl,)) was added to each well.
The plate was incubated for 30 min (time may vary) at room
temperature before measuring absorbance at 405 nm using the
SpectraMAX Plus spectrophotometer. Values were fit to a stan-
dard curve prepared using reconstituted alkaline phosphatase
enzyme (Roche) to determine relative enzymatic activity.

Alizarin Red staining

Cells were fixed in 10% neutral buffered formalin and stained
with 2% Alizarin Red (Sigma) to visualize calcium deposition.
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Absorption of Alizarin Red stain was quantified with Image]
software (90).

Animal welfare

Animal studies were conducted according to guidelines pro-
vided by the National Institutes of Health and the Institute of
Laboratory Animal Resources, National Research Council. The
Mayo Clinic Institutional Animal Care and Use Committee
approved all animal studies. Animals were housed in an accred-
ited facility under a 12-hour light/dark cycle and provided
water and food (PicoLab Rodent Diet 20, LabDiet) ad libitum.

Calvarial defect healing model

Assessment of calvarial healing was performed in 12-week-
old male C57BL/6] mice purchased from The Jackson Labora-
tories. This critical-sized calvarial defect model was recently
described in great detail (63). Briefly, a 2.5-mm dental trephine
attached to a low-speed (~1500 rotations per minute) dental
drill controlled by a manual foot pedal was used to generate a
critical-sized defect in the left parietal bone. A fibrin clot was
prepared using the TISSEEL kit (Baxter) for drug delivery.
Vehicle, BMP2 (0.3 png), GSK126 (5 ng), and BMP2/GSK126
combination was prepared at a final volume of 6 ul, mixed with
6 ul of thrombin solution, and then combined with 6 ul of sealer
protein to form the fibrin clot. The prepared biomaterial was
placed into the defect site. In addition to local administration,
50 mg/kg GSK126 and vehicle (DMSO) were also administered
by intraperitoneal injections (20% Captisol adjusted to pH
4—4.5with 1 Normality (N) acetic acid) 1 day before surgery, on
the day of surgery, and 3 days after surgery as described (54).
Mice were euthanized 4 weeks after surgery. Skulls were har-
vested, fixed in 10% neutral buffered formalin for 48 h, and
stored in 70% ethanol. Skulls were assessed by wCT and
histomorphometry.

mCT analysis

Calvarial defects were scanned using a Scanco vivaCT40 sys-
tem (Scanco) at 70 kV, 114 pnA with an integration time of 221
ms for a 10.5 isometric voxel size. 3D renderings were created
using Microview (Parallax). Regions of interest were hand
traced to isolate healing bone from native calvarial bone. A
software-specific threshold of 220 (which corresponds to 2500
HU) was used to define mineralized tissue. Standard morpho-
metric parameters were measured using Scanco software.

X-ray analysis

After uCT analysis, skulls were dissected to remove all bone
structures that are located underneath calvarial bones. The
removal of all these bones allowed for a clear visualization of the
defects by X-ray analysis. X-rays of calvarial defects were taken
utilizing the same settings (Faxitron, LX60).

Histomorphometry

Following uCT and X-ray assessment, histomorphometry
was performed as described previously (47, 54, 63). Briefly,
skulls were embedded in methyl methacrylate resin and sec-
tioned using a rotary retracting microtome to generate 5-um
thick coronal sections. The resulting sections (widest point of
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the defect) were then stained by Gomori’s trichrome (91).
Quantitative histomorphometry was performed utilizing Bio-
quant Osteo Image Analysis Software (Bioquant) to establish
the percentage of BV/TV. A box of 3.45 mm?® (2.3 mm by 1.5
mm) was used for data quantification.

Healing score and rank analysis

Healing score was assessed as described by Spicer et al. (64)
with a modification. Spicer and colleagues utilized a scale that is
based on a score between 0 and 4 (0 = no bone formation within
defect, 1 = few bony spicules dispersed through defect, 2 =
bony bridging only at defect borders, 3 = bony bridging over
partial length of defect, and 4 = bony bridging entire span of
defect at longest point). We added an additional point to the
scale (5 = completely closed defect) to account for completely
healed calvarial defects as measured by X-ray analysis. In addi-
tion to the scoring, we also rank ordered the healing calvarial
defects (0—22, 0 = worst healed, 22 = best healed). The scoring
and ranking was blindly performed by two orthopedic sur-
geons. Their scores were then averaged and graphed.

High throughput RNA sequencing and bioinformatic analysis

RNA from differentiating MC3T?3 cells treated with vehicle,
GSK126, BMP2, and GSK126/BMP2 combination (Fig. 2A4)
were assessed by RNA-Seq analysis as reported previously
(44,47, 48, 54,92, 93). For each condition and time point, equal
amounts of RNA from three biological replicates were pooled
and then subjected to RNA-Seq analysis. Gene expression
is expressed in reads/kilobase pair/million mapped reads
(RPKM). RNA-Seq data were deposited in the Gene Expression
Omnibus of the National Center for Biotechnology Informa-
tion (GSE135984). Venn diagrams were generated using Venny
2.1 online tool (BioinfoGP). PCA was performed using ClustVis
online tool (60). Functional annotation clustering of differen-
tially expressed genes was performed using DAVID Bioinfor-
matics Resources 6.8 database (DAVID 6.8) (94, 95). Hierar-
chical clustering was performed using Morpheus matrix
visualization and analysis software after a Log2 adjustment
was made for each gene row (Broad Institute). Protein—
protein interaction networks were generated using STRING
Database version 10.5 (96).

ChlP-Seq analysis

H3K27Me3 status at BMP2 and GSK126 activated genes was
assessed using publically available ChIP-sequencing data sets
(GSE83506) (54, 98). In brief, ChIP-Seq assay was performed
24 h after administration of vehicle (DMSO) or 5 um GSK126 to
MC3T3 cells cultured in osteogenic media (50 pg/ml ascorbic
acid and 4 mm beta glycerol phosphate) (54). Read coverage
over the mm10 genome was determined using the deepTools2
bamCoverage package (97). H3K27Me3 intensity was then
assessed at specific genomic regions for the 113 genes identified
as up-regulated at day 6 after BMP2 and GSK126 treatment
using the deepTools2 computeMatrix package (97). Bin size
was set to 1000 bases and coverage was assessed 30 kb upstream
of the TSS and 30 kb downstream of the TES. Resulting values
were visualized using GraphPad Prism 8.2.0. (San Diego, CA
USA) (RRID:SCR_002798).
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Statistics

For in vitro studies, data are shown as mean = S.D. and sta-
tistical analysis was performed with unpaired Student’s ¢ test or
ANOVA. When the overall ANOVA F-test was significant, sub-
sequent pairwise comparisons were performed using two-way
ANOVA. For in vivo studies, the data are summarized using
mean and S.D. unless otherwise noted. Each calvarial defect
(mouse) is represented by a data point within the figures. The in
vivo study outcomes were compared between the four experi-
mental groups (vehicle, BMP2, GSK126, GSK126 + BMP2)
using one-factor ANOVA. Separate analyses were performed
for each outcome. When the overall ANOVA F-test was signif-
icant, pairwise comparisons were performed between the
experimental groups using the Ryan-Einot-Gabriel-Welsch
multiple comparisons test to maintain the overall type-I error
rate at a = 0.05. Significance is noted in the figures, when appli-
cable (*, p < 0.05; **, p < 0.01; and ***, p < 0.001).

Data availability

RNA-Seq (GSE135984) data have been deposited in the Gene
Expression Omnibus of the National Center for Biotechnology
Information. All other data are contained within the manuscript.
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