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ARTICLE INFO ABSTRACT

Keywords: Skeletal development and bone formation are regulated by epigenetic mechanisms that either repress or enhance
Bone osteogenic commitment of mesenchymal stromal/stem cells and osteoblasts. The transcriptional suppressive
Skeletal development trimethylation of histone 3 lysine 27 (H3K27me3) hinders differentiation of pre-committed osteoblasts. Osteo-

8:::22;5;15 blast maturation can be stimulated by genetic loss of the H3K27 methyltransferase Ezh2 which can also be
Osteoporosis mimicked pharmacologically using the classical Ezh2 inhibitor GSK126. Identification of other Ezh2 inhibitors
Differentiation (iEzh2) that enhance osteogenic potential would increase chemical options for developing new bone stimulatory
Chromatin compounds. In this study, we examined a panel of iEzh2s and show that all eight inhibitors we tested are capable
Nucleosome of accelerating osteoblast differentiation to different degrees at concentrations that are well below cytotoxic
Methylation concentrations. Inhibition of Ezh2 is commensurate with loss of cellular H3K27me3 levels while forced
Histone

expression of Ezh2 reverses the effect of Ezh2 suppression. Reduced Ezh2 function by siRNA depletion of Ezh2
Ezh2 mRNA and protein levels also stimulates osteoblastogenesis, consistent with the specificity of iEzh2 to target the

f"}lfsf’mb active site of Ezh2. Diminished Ezh2 levels preempt the effects of iEzh2s on H3K27me3. GSK126, EPZ-6438 and
PrL;rri::;olo siRNA depletion of Ezh2 each are effective in reducing H3K27me3 levels. However, EPZ-6438 is more potent
Pharmacothgapy than GSK126 in stimulating osteoblastogenesis, as reflected by increased extracellular matrix mineralization.

Collectively, our data indicate that Ezh2 inhibitors properly target Ezh2 consistent with their biochemical af-
finities. The range of compounds capable of promoting osteogenesis presented in this study offers the opportunity
to develop diverse bone anabolic strategies for distinct clinical scenarios, including spine fusion, non-union of
bone and dental implant enhancement.

1. Introduction burden and it has a major impact on public health [3]. Despite the high

occurrence of osteoporosis and other degenerative bone diseases,

The mature skeleton is key for structural support and movement in
vertebrates. As such, deterioration in the mechanical properties of bone
with aging and disease can profoundly affect a person's quality of life.
Disorders affecting bone development and maintenance, including
congenital defects, physical trauma and degenerative disease affect
millions of individuals worldwide. Most significantly, osteoporosis
which is characterized by low bone mineral density (BMD) and a higher
risk of bone fractures, affects more than 10 million people in the United
States and approximately 200 million women around the world [1,2].
Because of the aging population, osteoporosis represents an economic

determining the genetic and molecular backgrounds and elucidating the
complex mechanisms of bone formation and maintenance still repre-
sents a challenge.

Bone tissue is remarkably metabolically active and its homeostasis is
controlled primarily by the interaction of osteoblasts, osteocytes and
osteoclasts as the three main types of cells that control bone remodeling.
A disruption in the balanced interaction of these cells plays an important
role in the pathogenesis of osteoporosis and other bone disorders [4].
Bone-producing osteoblasts are derived from immature mesenchymal
stem cells (MSCs) during early vertebrate embryogenesis [5,6].
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Osteoblast lineage commitment of MSC requires major developmental
signals and the activity of specific transcriptional and post-
transcriptional epigenetic factors [7,8]. Osteogenic differentiation is
regulated by a crosstalk between multiple major signaling pathways
(such as Wnt and Bmp signaling) and transcription factors (such as
Runx2 and Osx/Sp7) [9] as well as epigenetic mechanisms, including
microRNAs, DNA methylation and post translational modifications of
histones [10-16].

Post-translational modifications (PTMs) of histones such as acetyla-
tion and methylation play important roles in regulating the expression of
critical osteoblastic genes. Depending on the type of modification, PTMs
can either inhibit or stimulate transcription of osteogenic genes. Tri-
methylation of histone 3 lysine 4 (H3K4me3), for example, is associated
with gene activation while trimethylation of histone 3 lysine 27
(H3K27me3) or lysine 9 (H3K9me3) represses gene expression by
inducing heterochromatin formation [17,18]. Multiple epigenetic reg-
ulators and mechanisms have been characterized in mesenchymal stem
cells [19,20], osteoblasts and chondrocytes [11-14] and have been
shown to control distinct histone methylation marks such as H3K4me3
[21,22], H3K9me3 [23,24], H3K27me3 [25-31], histone acetylation
marks [32-38], as well as DNA hydroxymethylation [39,40].

Bone specific genes are inactivated during embryonic development
in part by generation of facultative heterochromatin involving
H3K27me3. The latter modification is generated by the Polycomb
Repressive Complex 2 (PRC2), which comprises four core subunits:
Ezh1/2, Eed, Suz12 and RbAp46/48 [41]. Immature osteoblasts express
Ezh2 (enhancer of zeste homolog 2), which is the catalytic subunit of the
PRC2 methyltransferase complex. PRC2 establishes the mono-, di-, and
trimethylation states of Lysine 27 at histone H3 (H3K27) [42,43], which
are recognized and functionally interpreted by CBX proteins [31].

While Ezh2 activity is required for appropriate skeletal patterning
and bone formation [27,28,30,44-47], inhibiting the activity of Ezh2
and thus reduction in H3K27 trimethylation increases osteogenic
commitment and differentiation in vitro and bone formation and
maintenance in vivo [25,29,30,48-54]. Established evidence suggests
that Ezh2 inactivation results in the up-regulation of key osteogenic
genes and enhances activities of established bone-stimulatory pathways
(e.g., Wnt, Pth and Bmp signaling) [25,28-30,55]. These findings
collectively establish that the normal function of Ezh2 is to attenuate
osteoblast differentiation. The potential biomedically relevant ramifi-
cation of this conclusion is that Ezh2 inhibitors may have bone anabolic
potential in vivo.

Because Ezh2 inhibitors have potential utility in a range of clinical
applications that stimulate bone mass accrual, it is of considerable in-
terest to develop Ezh2 inhibitors (iEzh2s) for bone stimulatory appli-
cations. Apart from the formidable challenge of meeting
pharmacokinetic criteria for use of epigenetic drugs in patients, devel-
opment of clinically viable compounds for bone-related applications
requires optimization of their specific inhibition of Ezh2 activity (which
blocks formation of H3K27me3), while reducing any secondary effects
on cell viability and metabolism. As a first step in this process, we
examined a panel of eight different commercially available compounds
that target Ezh2 activity and we compared their relative osteogenic ef-
ficacy. These experiments used the well-established MC3T3 cell culture
model to test the hypothesis that each of these drugs exhibits intrinsic
differences in effects on cell viability and osteogenic activity. We also
compared the osteogenic effects of Ezh2 inhibitors when Ezh2 protein
levels were modulated by RNA interference or forced expression. The
combined results of these studies indicate that pharmacological inhibi-
tion of Ezh2 using any of these compounds is capable of stimulating
osteogenic differentiation. Our findings also validate the hypothesis that
each compound exhibits distinguishable biological effects, which per-
mits selection of preferred Ezh2 inhibitors for follow up studies.
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2. Results

2.1. Effects of Ezh2 inhibitors on metabolic activity and cell number of
preosteoblastic cells

To understand the osteogenic efficacy of distinct Ezh2 inhibitors
(iEzh2s), we first assessed any adverse secondary effects on cell viability.
These studies were guided by the known half maximum inhibitory
concentrations for each inhibitor (Fig. 1A). To ensure adequate inhibi-
tion of Ezh2 while preserving cell viability, we first assessed the cyto-
toxic effects for a total of eight Ezh2 inhibitors on MC3T3 pre-
osteoblasts. We administered a logarithmic range of concentrations (1
pM, 10 pM and 100 pM) to subconfluent proliferating MC3T3 cells for 3
days. We then monitored potential cytotoxic effects on metabolic ac-
tivity using MTS assays (which measures biochemical conversions in
mitochondria) (Fig. 1B), absolute cell number by Hoechst staining
(which measures DNA content) (Fig. S1) and the fraction of viable cells
using live/dead staining (which measures sequestration of green and red
dyes in live versus dead cells) (Fig. 1C).

The metabolic activity of MC3T3 cells exhibits a notable decrease for
most of the compounds at concentrations of 10 pM and higher as
measured by MTS activity assays (Fig. 1B). Exceptions to this observa-
tion are EI1 and EPZ-6438 which appear to be less harmful to metabolic
cell activity at a concentration of 10 pM.

Similarly to the metabolic activity, there are significant reductions in
cell numbers (Fig. S1) and fraction of living cells (Fig. 1C) at the 100 pM
concentration for five inhibitors (EPZ-6438, GSK126, PF-06726304,
UNC1999 and GSK503) as measured by Hoechst and live/dead stain-
ing, respectively, but these differences are not observed for two other
inhibitors (EI1 and CPI-169). Hence, Ezh2 inhibitors at a concentration
of 100 pM are substantially toxic, but treatments of 1 pM and 10 pM
concentrations generally have minimal or no effects on cell viability.
Taken together, our results suggest that the toxicity of Ezh2 inhibitors is
clearly dose dependent and that low molar concentrations (<10 pM) are
generally nontoxic in MC3T3 cells.

To complement our assessment of relative toxicity, we assessed the
efficacy of each inhibitor in the MC3T3 cell type by evaluating
H3K27me3 levels via western blot (Fig. 1D). These data show that all
inhibitors are effective at reducing cellular levels of H3K27me3,
although some inhibitors (e.g., UNC1999, EPZ-6438, GSK503) are
highly inhibitory (>5 fold reduction in H3K27me3) and others are
slightly less effective (e.g., GSK126 and EI1; 2-3 fold inhibition). We
then graphically assessed and mathematically interpolated our concen-
tration curves (Fig. S2) to define the midpoint of the inhibitory doses in
each assay where half the cells are affected. Collation of the experi-
mental data (Fig. 1E) shows that cellular toxicity is generally propor-
tional to the measured IC50 of the enzymatic activity of Ezh2 in vitro
and the ability to reduce cellular H3K27me3 levels in culture. Hence,
toxicity of these inhibitors is at least in part attributable to loss of Ezh2
function, rather than merely non-specific toxicity of these agents as
xenobiotic compounds.

2.2. Ezh2 inhibition enhances osteogenic differentiation of MC3T3 cells

To investigate whether Ezh2 inhibition, and consequently reduction
of H3K27me3, stimulates osteogenic differentiation, we treated MC3T3
pre-osteoblasts with vehicle or Ezh2 inhibitors during osteogenic dif-
ferentiation for either the first three (1x dose) or six days (2x dose)
(Fig. 2A). To identify the optimal concentration for each drug, we
treated MC3T3 cells with vehicle (DMSO) or increasing concentrations
of drugs and measured alizarin red staining after three weeks (i.e., be-
tween days 24 and 31)(Fig. 2B). The timing of harvest was selected to
optimize differences in staining between control and iEzh2 treated
samples, with control samples typically harvested just prior to the
initiation of mineralization (Fig. 2C). Our results show a more robust
ECM mineralization on cells treated with Ezh2 inhibitors when
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Fig. 1. Cytotoxicity profiles of Ezh2 inhibitors on MC3T3 cells. (A) Tabular summary of Ezh2 inhibitors with the name of each compound (first column), the
concentrations that cause 50% enzymatic inhibition (IC50 in nM) for either Ezh2 (column 2) or Ezh1 (column 3), the selectivity for Ezh2 (fold change of the IC50s for
Ezh2 relative to Ezh1) (column 4), key references for each inhibitor (column 5), and the entity that initially developed the compound (column 6). To obtain IC50
values, GraphPad prism was used to create a non-linear regression curve fit in which data from each concentration response curve was converted into percentage
values that were 1log10 transformed and plotted as a curved XY non-linear graph with variable (see also Figs. S1 and S2). (B & C) Subconfluent MC3T3 cells were
treated with different concentrations of each one of the Ezh2 inhibitors; 1 pM, 10 pM and 100 pM for three days. (B) Total metabolic activity measured by MTS assay
of MC3T3 cells treated with Ezh2 inhibitors for three days and normalized to DMSO treated control (1:100 dilution). (C) Cell quantification by Live/Dead staining of
MC3T3 cells after three days of treatment. Results were normalized to DMSO treated control (1:100 dilution). Data represents n = 3, mean + STD. (D) Western blot
analysis of histone H3K27me3 levels after treatment with the indicated inhibitors was used to determine inhibitory effects of a single dose of Ezh2 inhibitor (1 yM) on
histone methylation after 24 h treatment. Inhibitory values for H3K27me3 levels (% retained after inhibitor treatment) were calculated relative to Gapdh. GSK126
treatment was performed with two different preparations (labeled 1 and 2). (E) Tabular summary of the results presented in panels B, C and Fig. S1. The metrics were
done using GraphPad Prism; a concentration response curve was created using a non-linear regression (curve fit). Drugs showing an IC50 > 100 pM were not included
in the graphs in panels A-C, but are included in panel D.
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Fig. 2. Mineral deposition of MC3T3 cells treated with increasing concentrations of the Ezh2 inhibitor GSK126. (A) Experimental outline showing the treatment
regimens in which MC3T3 cells are treated with vehicle (DMSO, 1:2000 dilution) or Ezh2 inhibitors for three days (1 x dose) or six days (2x dose) with increasing
concentrations of inhibitor. (B) Alizarin red staining of MC3T3 cells treated with either 1x or 2x doses of increasing concentrations of GSK126 at day 26 of
osteogenic differentiation (biological triplicates are shown). (C) Hypothetical schematic illustrating the principle of time-dependent (x-axis) variation in the detection
of mineralization (y-axis) in the presence (+iEzh2, red) or absence (—iEzh2, blue) of Ezh2 inhibitors. Although all cultures eventually show maximal alizarin red
staining (black horizontal plateau in the graph) after 35 days under our osteogenic experimental conditions, we selected Day 26 for analysis because this time point
maximizes the observed differences in mineralization between absence or presence of Ezh2 inhibitors. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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compared to the control group as evidenced by increased alizarin red concentrations (see Fig. 1E), increasing the drug concentration enhances
staining reflecting increased calcium deposits (Figs. 2B, 3 & 4). These alizarin red staining up to a point and then tapers off at the highest
effects are observed after merely a single treatment of three days for all doses. These results show therefore that Ezh2 inhibitors have an optimal
inhibitors. Because each compound exhibits cytotoxic effects at higher dosing that balances the osteogenic versus cytotoxic effects.
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Fig. 3. Mineral deposition of MC3T3 cells treated with increasing concentrations of the Ezh2 inhibitors CPI-169, GSK503 and CPI-1205. Alizarin red staining of
triplicate MC3T3 cell cultures at day 26 of osteogenic differentiation after treatment in the first week with vehicle (DMSO; 1:2000 dilution), or a 1x or a 2x dose of
increasing concentrations of CPI-169, GSK503 and CPI-1205. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Quantitative analysis of mineralization. Values for alizarin red staining in cultures of differentiated MC3T3 cells (see Fig. 2) are presented as bar graphs.
Quantitation is provided for experiments that received either a single dose (1x, Day O to 3) or two doses (2x, Day 0 to 3 and Day 3 to 6)(see Fig. 2A). Error bars
represent standard deviations of triplicate measurements that are super imposed on the bar graphs. The red arrows point at optimal concentrations (in 2x dose) for
compounds that were used in subsequent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Interestingly, GSK126, which is one of the most potent and selective
Ezh2 inhibitors, shows more intense alizarin red staining when
compared to the other drugs as is also reflected to some degree by
quantification of IC50 doses for each of the inhibitors (see Fig. 1E).
Strikingly, studies in which we applied a second dose for each of
these drugs demonstrate a more vigorous calcium deposition at lower
drug concentrations (Figs. 2B, 3 & 4). For each inhibitor, second
application results in more robust and consistent mineralization on
MC3TS3 cells while also favoring the usage of a lower dose concentration.
Remarkably, while iEzh2 doses were only administered at the beginning

of the differentiation time course, the results clearly show that each of
these inhibitors still has very pronounced positive effects on osteoblast
mineralization at three weeks or more after the initial treatment. The
latter is consistent with the proposed mechanism of action of Ezh2 in-
hibitors which are thought to generate alterations in the epigenetic
molecular memory of MC3T3 cells that promote osteogenesis.
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2.3. Stimulation of osteoblast differentiation by Ezh2 inhibitors is
facilitated by mild co-stimulatory effects of DMSO in the presence of
osteogenic media

Osteoblast differentiation is stimulated by dimethyl sulfoxide
(DMSO), an aprotic solvent often used to dissolve lipophilic therapeutic
agents and that was used to dissolve all of the compounds used for our
experiments. DMSO is considered a relatively safe solvent that has been
extensively used in the biomedical sciences. It has been shown previ-
ously that DMSO induces extracellular matrix synthesis and minerali-
zation, while promoting osteoblast differentiation of MC3T3 cells
[39,40,56]. To assess the extent to which the concentration of DMSO
affects the induction of osteoblast differentiation, we exposed MC3T3
preosteoblasts to either low (0.05%) or high (0.4%) doses of DMSO for
two consecutive periods of three days (for a total of six days) in osteo-
genic media. DMSO treated cells were compared to cells receiving only
osteogenic media (50 pg/ml ascorbic acid, and 10 mM f-glycerol
phosphate). Gene expression studies demonstrate that DMSO has a
substantial effect on MC3T3 cells by enhancing the differentiation-
specific expression of several osteoblast mRNA markers (Suppl.
Fig. S3). For example, mRNA levels for osteoblast differentiation
markers such as Alpl, Sp7, Ibsp and Phosphol were each significantly
elevated by either 0.05% DMSO or 0.4% DMSO relative to the respective
controls with no DMSO at six days after induction of differentiation in
standard osteogenic medium. These co-stimulatory effects for these
early differentiation markers appeared to be diminished but still
trending at 10 days. Expression of the late marker Bglap which is
robustly expressed on day ten did not show compelling changes with
DMSO and apparently is less sensitive to the DMSO effect. We also found
remarkably that low-dose DMSO induces a higher expression of osteo-
blast marker genes than the high-dose. The latter is consistent with
DMSO having non-specific pleiotropic effects that offset its co-
stimulatory effects. In sum, these results suggest that DMSO is capable
of co-stimulating osteogenic differentiation of MC3T3 pre-osteoblasts
and may further potentiate the effects of Ezh2 inhibitors.

2.4. H3K27me3 inhibition stimulates ECM mineralization and bone-
related gene expression

The panel of eight different Ezh2 inhibitors were analyzed simulta-
neously side-by-side at optimal doses determined above (see Fig. 4, red

A B
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arrows; 40 pM for CPI-169 and 5 pM for all other compounds) to permit
a direct comparison of the efficacy of enzymatic inhibition of the histone
methyltransferase activity of Ezh2 and the subsequent effects on H3K27
trimethylation (Fig. 5). Results of western blot analyses revealed that
H3K27me3 protein levels are significantly decreased after three days of
treatment (Fig. 5A). Remarkably, the decrease in H3K27me3 levels upon
Ezh2 inhibition occurs concomitant with increased H3K27ac levels
(Fig. 5A). Because CPI-169 is used at a relatively high concentration (40
pM) when compared to other inhibitors (5 pM), a greater amount of
DMSO (0.4% vs 0.05%) was used for CPI-169 studies. As an internal
control for the effects of different DMSO doses, GSK126 is used at low
(0.05%) and high (0.4%) DMSO concentrations. These findings suggest
that global increases in either H3K27me3 or H3K27ac are mutually
exclusive. Our results are consistent with a molecular concept in which
loss of H3K27me3 levels is biochemically linked to H3K27ac (Fig. 5B). In
this model, Ezh2 operates as an epigenetic switch that controls initial
rate-limiting steps for transcriptional activation of genes required for
osteogenic commitment [50,57].

Having established that optimal dosing of each iEzh2 effectively
reduces H3K27me3 levels, we validated that these concentrations do not
affect cell viability significantly as measured by MTS assay at day six
(Figs. 6A & B). Increased alkaline phosphatase (Alpl) enzymatic activity
is observed at day six in all iEzh2-treated groups, except for UNC1999
(Fig. 6C). When compared to osteogenic medium (OM), both low and
high doses of DMSO enhance Alpl enzymatic activity. Several Ezh2 in-
hibitors show a robust increase in Alpl activity with CPI-169 repre-
senting the most potent compound that exhibits a ~ three fold
stimulation in Alpl enzymatic activity at day six. We also assessed
directly in parallel the stimulatory effects of iEzh2s on biomineralization
of MC3T3 osteoblasts after more than three weeks in culture. Mineral-
ization in distinct iEzh2 treated cultures differed among the various
drugs we tested when compared to osteogenic media and vehicle on day
24 (Figs. 6D & E) and day 28 (Fig. 6F & G) of osteoblast differentiation.
The main finding is that ECM mineralization was significantly elevated
on both days and in all Ezh2 inhibitor groups except UNC1999 and
controls (Figs. 6E & G). We note that DMSO at high doses also has
modest osteogenic effects (Fig. 6F), supporting Alpl enzymatic activity
(Fig. 6C) and other studies presented earlier (see Fig. S3). We validated
acceleration of osteoblast maturation by examining the expression of
mRNAs for classical bone-related genes including Sp7, Bglap, Alpl and
Phosphol in response to each of the Ezh2 inhibitors. The results show
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Fig. 5. Optimal Ezh2 inhibition modulates levels of H3K27me3 and H3K27ac marks. MC3T3 cells were treated with vehicle (Vehicle 1 = 0.05% DMSO or Vehicle 2
= 0.4% DMSO) or optimal doses of each compound (40 uM for CPI-169 and 5 pM for all other compounds) for the first three days of osteogenic differentiation. (A)
Western blot of Ezh2 protein, H3K27me3 and H3K27ac relative to H3, Gapdh and Tubulin three days after initial treatment with each of the Ezh2 inhibitors (Vehicle
1A and 1B are both at 0.05% DMSO). (B) Diagram showing interrelationships between H3K27me3 and H3K27ac levels that are controlled as indicated by Ezh2,
lysine demethylases (KDMs), histone acetyl transferases (HATSs), as well as histone deacetylases (HDACs) and their cognate inhibitors (iHDACs). The western blot
data in panel A are consistent with a shift from left to right to decreased total H3K27me3 levels concomitant with an increase in total H3K27ac levels that together

support osteoblast differentiation.
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Fig. 6. Ezh2 inhibition enhances ECM mineralization of MC3T3 cells. (A) Experimental outline showing the treatment regimen in which MC3T3 cells were treated
with vehicle (Vehicle 1 = 0.05% DMSO or Vehicle 2 = 0.4% DMSO) or optimal doses of each compound (40 uM for CPI-169 and 5 uM for all other compounds) for the
first six days of osteogenic differentiation. GSK126 (1) and GSK126 (2) represent treatments in the presence of either 0.05% or 0.4% DMSO. (B) MTS activity assay of
cells treated with either vehicle or Ezh2 inhibitors for six days (n = 3, mean + STD). (C) Alkaline phosphatase (Alpl) enzymatic activity measured on day six (n = 3,
mean =+ STD). (D-G) Ezh2 inhibition enhances ECM deposition and mineralization in vitro. Alizarin red staining (D, F) and quantification (E, G) was conducted on
day 24 (D, E) or day 28 (F, G) of osteogenic differentiation. Each late stage time point was sampled as five biological replicates on two different days to assess the
dynamics of mineralization after three to four weeks in culture. For transparency, biological triplicates were performed for day 24 (n = 3, mean + STD) while
duplicates were performed for day 28 (n = 2, mean =+ range). Duplicates are provided for illustration only. The horizontal lines above the bars (see panel B) reflect
statistical comparisons between distinct iEzh2 treatment groups and the respective vehicle controls (i.e., Vehicle 1 = 0.05% DMSO or Vehicle 2 = 0.4% DMSO). In
panel B, these values were calculated to be non-significant (ns). Statistical significance for each iEzh2 inhibitor compared to its control (Vehicle 1 or Vehicle 2) is
indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. OM, osteogenic medium. (For interpretation of the references to colour in this figure
l‘egend, the reader is referred to the web version of this article.)
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Fig. 7. Ezh2 inhibition enhances osteoblast specific gene expression. MC3T3 cells were treated with vehicle (Vehicle 1 = 0.05% DMSO or Vehicle 2 = 0.4% DMSO)
or optimal doses of each compound (40 pM for CPI-169 and 5 puM for all other compounds) for the first six days of osteogenic differentiation. Graphs showing mRNA
expression levels of osteogenic genes determined by RT-qPCR on day six (upper) and day ten (lower) of osteogenic differentiation (n = 3, mean + STD). Statistical
significance for iEzh2 inhibitor compared to its control (Vehicle 1 or Vehicle 2) is indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. OM,
osteogenic medium.

that mRNA expression of each of these osteogenic genes is enhanced on
days six and ten for all inhibitors tested (Fig. 7). In sum, our findings
demonstrate that reduction of H3K27me3 by multiple Ezh2 inhibitors
consistently stimulates bone-specific gene expression and ECM miner-
alization of MC3T3 cells.

2.5. Gain-of-function analysis reveals that Ezh2 overexpression
suppresses maturation of MC3T3 preosteoblasts

Our studies using pharmacological inhibitors indicate that Ezh2
gain-of-function suppresses normal osteoblast differentiation. To test
this hypothesis, we performed gain-of-function studies in which we

forced expression of Ezh2 beyond its normal physiological levels during
osteoblast maturation in MC3T3 cells using a lentiviral delivery method.
We compared MC3T3 cells stably infected with a lentivirus containing
the full length Ezh2 protein, versus the corresponding empty viral vec-
tor. Western blot analysis revealed that Ezh2 protein levels are initially
high in control cells and then declines as differentiation progresses.
However, forced expression of Ezh2 consistently elevated Ezh2 protein
levels compared to the control at each time point (Fig. 8A). Subse-
quently, we treated Ezh2 expressing MC3T3 cells with vehicle and two
Ezh2 inhibitors (5 pM GSK126 and 5 pM EPZ-6438) to examine whether
increasing the intracellular concentration of Ezh2 can overcome the
biochemical blockade of its enzymatic activity in the presence of iEzh2s.
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Fig. 8. Ezh2 overexpression impairs maturation of MC3T3 preosteoblastic cells. MC3T3 cells overexpressing Ezh2 were treated with vehicle, 5 yM GSK126 or 5 pM
EPZ-6438 for the first six days of osteogenic differentiation. (A) Western blot analysis showing Ezh2 protein levels over the time course. Alizarin red staining (B) and
quantification (C) was performed at day 18 of osteogenic differentiation. Quantification was done using the ImageJ program (n = 3, mean + STD). (D) Relative
mRNA expression of Ezh2 and osteoblast markers in MC3T3 cells after ten days of osteoblast differentiation (n = 3, mean =+ STD). The horizontal lines above the bars
(see panel D, Ezh2 graph) reflect statistical comparisons between distinct iEzh2 treatment groups and the respective vehicle controls. Statistical significance to Ezh2t
-, drug - control group indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Because samples receiving exogenous Ezh2 expression represents
an independent treatment group independent of the presence of iEzh2s, we determined statistical significance of Ezh2 mRNA levels in one group of three sets of
samples that was infected with empty lentiviral expression vector (n = 9 total) versus the three experimental groups that express lentiviral Ezh2 (n = 9 total). G,
GSK126; E, EPZ-6438. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

As anticipated, on day 18 of osteoblast differentiation, treatment with
Ezh2 inhibitors in control cells with physiologically declining levels of
Ezh2 displayed accelerated mineralization and more intense alizarin red
staining as reflected by a significantly higher percent coverage area
(Figs. 8B & C). In contrast, osteogenic boosting of MC3T3 cells with Ezh2
inhibitors is not observed in Ezh2 overexpressing cells which do not
manifest any signs of calcium deposition (Fig. 8B & C).

Expression analysis by RT-qPCR establishes that the collective levels
of Ezh2 mRNA in all samples that were infected with lentiviral expres-
sion vector exhibit a modest two fold elevation in gene expression at day
ten of MC3T3 osteoblast differentiation (Fig. 8D & Fig. S4). We note that
these values may understate the amount of Ezh2 mRNA expression
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shortly after infection, and that total Ezh2 protein levels (see Fig. 8A)
may be elevated by both increased mRNA levels and post-translational
mechanisms (e.g., Ezh2 protein stability) [58-60]. The increased
levels of Ezh2 mRNA and protein upon Ezh2 overexpression decelerates
osteogenesis, which is not only reflected by alizarin red staining
(Figs. 8B & C), but also by significant reductions in the levels of each of
the osteogenic mRNA biomarkers we examined (Bglap, Alpl, Sp7, Phos-
phol and Ibsp) (Fig. 8D). Optimized concentrations of 5 pM GSK126 and
5 M EPZ-6438 are highly effective at increasing osteogenic markers
during MC3T3 cell differentiation, but not when cells overexpress Ezh2.
Collectively, our findings indicate that the negative effects of Ezh2 in-
hibition can be tittered by increasing the amount of expressed Ezh2
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protein and that Ezh2 directly suppresses osteogenic differentiation.

2.6. Ezh2 depletion by siRNA knockdown and Ezh2 inhibitors co-
stimulate MC3T3 osteoblast differentiation

We performed transient knockdown experiments in which we tar-
geted Ezh2 using siRNAs in MC3T3 preosteoblasts. Additionally, we
added GSK126 or EPZ-6438 two days after transfection. Osteoblast
differentiation was initiated on day zero, and successful knockdown of
Ezh2 was validated by Western blot analysis at both day two and day
five after siRNA transfection (Fig. 9A). The reduction in Ezh2 protein
levels resulted in a concomitant decrease in H3K27me3 levels at day
five, and correlates with a modest increase in the levels of H3K27ac.
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Because siRNAs mediated knock-down nearly completely abolishes
Ezh2 protein levels, we do not observe any additional effects on Ezh2 or
H3K27me3 levels after treatments with Ezh2 inhibitors in cells trans-
fected with Ezh2 siRNAs. Importantly, even though the combination of
both Ezh2 siRNA and Ezh2 inhibitors were only administered in the first
few days of osteoblast differentiation, we still detected major osteogenic
effects on day 24 of differentiation, as reflected by enhanced minerali-
zation as shown by alizarin red staining (Figs. 9B & C). We note that
treatment with 5 pM EPZ-6438 combined with Ezh2 siRNA produced a
more robust staining in comparison to co-treatment with 5 pM GSK126
and Ezh2 siRNA combo, suggesting that EPZ-6438 has superior osteo-
genic potency. RT-qPCR analysis corroborates the effectiveness of siRNA
knockdown on Ezh2 mRNA levels at five days after transfection
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Fig. 9. Combination of siRNA-mediated knock down of Ezh2 with GSK126 or EPZ-6438 promotes MC3T3 osteogenic differentiation. MC3T3 cells were transfected
with control and Ezh2 siRNAs on day zero and osteogenic differentiation was started on the same day. On day two, cells were treated with vehicle, GSK126 (5 pM) or
EPZ-6438 (5 pM). Vehicle and drugs were removed on day five. (A) Western blot analysis of histone marks and reference proteins collected at day two and five of
differentiation. Alizarin red staining (B) and quantification (C) was conducted on day 24 of differentiation (n = 3, mean + STD). (D) RT-qPCR of Ezh2 and osteogenic
markers at day five and ten (n = 3, mean + STD). Statistical significance to siCtrl + Vehicle control group indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001,
wxx% < 0.0001. G, GSK126; E, EPZ-6438. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 9D). In addition, key osteogenic markers (Bglap, Alpl, Sp7, Phosphol
and Ibsp) show elevated mRNA expression on days five and ten in
response to Ezh2 loss. Taken together, the combination of Ezh2 knock-
down with the inhibition of its enzymatic activity via GSK126 and EPZ-
6438 co-stimulates expression of bone-related genes and enhances ECM
mineralization. Collectively, our findings are consistent with the
importance of Ezh2 in the regulation of osteoblast maturation in MC3T3
cells.

3. Discussion

In this study, we evaluated the potency of distinct Ezh2 inhibitors in
promoting osteoblast differentiation in vitro by comparing the biolog-
ical properties of a large panel of different Ezh2 inhibitors on the
metabolic activity, cell number and viability of pre-osteoblastic cells, as
well as osteoblast maturation as reflected by alkaline phosphatase ac-
tivity, ECM mineralization and bone specific gene expression. Mecha-
nistic studies using gain-of-function and loss-of-function analyses
indicate that Ezh2 inhibitors function specifically by blocking the
enzymatic activity of Ezh2 and reducing H3K27me3 levels. Because
multiple small molecule inhibitors that target Ezh2 induce a similar
phenotype (i.e., enhanced osteogenesis), our present studies demon-
strate that the pro-osteogenic effects of these compounds are due to
H3K27me3 suppression and less likely caused by potential off target
effects of each individual inhibitor.

Cytotoxicity studies we performed with Ezh2 inhibitors indicate that
osteoblasts tolerate each of these agents fairly well in the micro molar
range (<10 pM). Our cell culture data corroborate previous in vivo
studies in which we have shown that the potent Ezh2 inhibitor GSK126
is modestly bone anabolic in adult mice (8-12 weeks) and that there
were no adverse effects in other tissues and organs (e.g., spleen, liver)
[29]. Toxicity generally tends to correlate with the intrinsic ability of
these drugs to bind the activity site (SET domain) within Ezh2. There-
fore, the toxicity of these inhibitors can be attributed to the ability of
Ezh2 function to methylate H3K27, rather than acting as non-specific
xenobiotic compounds that trigger stress responses.

One of the most remarkable features of the osteogenic effects of Ezh2
inhibition on differentiation of MC3T3 cells is the observation that two
drug doses between days one and six of differentiation accelerate
osteoblastogenesis and increase the values of all histochemical and
mRNA biomarkers. However, administration of a single dose between
days one and three of differentiation suffices for stimulation of bone cell
differentiation. Each of the inhibitors clearly has long term effects on
osteoblastic markers and mineralization, which is measured as much as
two to four weeks later. The observation that Ezh2 inhibitors have
prolonged effects on osteoblastogenesis is entirely compatible with
mechanistic models in which Ezh2 inhibitors are removing barriers that
normally support the long-term suppression of genes. Hence, these
compounds are in essence capable of altering the epigenetic molecular
memory of MC3T3 cells through a single dose to promote osteogenesis.
The latter property may be useful in translational applications that
leverage the osteogenic potential of Ezh2 inhibitors.

Because all of the Ezh2 inhibitors we tested are hydrophobic com-
pounds, we used dimethyl sulfoxide (DMSO) as the universal vehicle to
dissolve them. DMSO is deemed very safe for cells and is commonly used
in the freezeing process of primary and immortalized cells. Consistent
with previous observations, we noted that DMSO itself is mildly osteo-
genic [39,56] even at very low dilution doses (e.g., ranging from 1:2000
to 1:250). This range of concentrations is commonly used in many
pharmacological studies during osteoblast differentiation and is un-
avoidable. Yet, the implication of the DMSO effect is that the osteogenic
effects of Ezh2 inhibitors occur in the biological context of the stimu-
latory effects of DMSO on osteoblast differentiation. We note that our
results also indicate that DMSO is not particularly toxic for osteoblasts,
but may have pleiotropic non-specific effects at higher concentrations
that could offset and reduce its mild osteogenic effects. Recent studies

12

Bone 150 (2021) 115993

from our group indicate that DMSO has a similar biological activity as
the closely related natural compound sulforaphane, which is composed
of a cyanide-containing aliphatic chain with a sulfoxide moiety at one
end [40]. Both sulforaphane and DMSO appear to accelerate osteo-
genesis by affecting Tet-mediated DNA hydroxylation [40,56]. DNA
hydroxylation in osteoblasts is also activated by Vitamin C present in
osteogenic media. Because osteogenic media is used in all our experi-
ments to drive osteogenesis, the main reason why DMSO is osteogenic
may be because it enhances Vitamin C dependent hydroxylation.

It should be noted that Ezh2 inhibitors when applied to human or
mouse MSCs without osteogenic stimulus will not enhance osteoblast
differentiation (data not shown). One possible reason for this finding is
that epigenetic inhibitors are likely to have pleiotropic effects because
they may reduce stochastic kinetic barriers in chromatin. The addition of
external osteogenic stimuli (e.g., differentiation cocktail with Vitamin
C) may provide a more uniform biological response. For example, the
cell signaling events induced by the cocktail may provide lineage di-
rection for uncommitted MSCs and could favor which barriers in chro-
matin are most effected by epigenetic drugs. Hence, Ezh2 inhibitors may
merely facilitate and prime the osteogenic effects of Vitamin C. The
concept that Ezh2 inhibitors mediate epigenetic priming for other
osteogenic stimuli is also evidenced by our recent studies showing that
BMP2 induction of osteoblastogenesis is synergistically stimulated by
Ezh2 inhibitors [25].

Our combined studies to date are consistent with a mechanistic
model in which Ezh2 represents a key epigenetic regulator that tightly
suppresses the transcriptional activation of bone specific genes [50,57]
by increasing H3K27me3 marks that generate transcriptionally silent
heterochromatin. Inhibition of the methyl transferase activity of Ezh2
diminishes global H3K27me3 levels and is expected to reduce the
amount of heterochromatin in maturing osteoblasts. Global loss of
H3K27me3 marks obtained by any of the eight Ezh2 inhibitors we tested
was accompanied by increased H3K27ac, an epigenetic mark charac-
teristic of tissue specific super enhancers [61]. Hence, it is thus possible
that Ezh2 inhibition may license super enhancers to support bone spe-
cific gene activation.

Our early studies on the osteogenic effects of Ezh2 inhibition heavily
relied on GSK126, because human safety data were available for this
compound and we had shown that it is effective for stimulation of bone
accrual in normal and ovariectomized mice [29]. The osteogenic effects
of Ezh2 loss of function were corroborated with gene knockout and
siRNA studies that established the cellular specificity of the Ezh2 in-
hibitors [25,29,30]. We acknowledge that reliance on a single com-
pound would not fully exclude the possibility of off-target effects. Hence,
the finding that eight distinct Ezh2 inhibitors have comparable osteo-
genic effects at non-cytotoxic concentrations increases our confidence in
their utility as osteogenic reagents. Further confidence in the Ezh2
specificity and biological effects of these drugs comes from gain-of-
function studies showing that Ezh2 mRNA and protein elevation im-
pairs osteoblast differentiation and negates the effect of Ezh2 inhibition.
Conversely, siRNA mediated depletion of Ezh2 promotes osteoblasto-
genesis and the incomplete knockdown of the protein that is observed
strengthens the osteogenic effects of pharmacological inhibition.

We conclude from the combined body of data presented in the cur-
rent and previous studies that Ezh2 inhibition is relatively safe and
effective and can be realistically considered in skeletal regenerative
strategies and bone tissue engineering. Based on our current side-by-side
comparison of eight different iEzh2 compounds for cytotoxic, metabolic,
epigenetic and osteogenic effects in cell culture, it appears that Ezh2
inhibitors as a class of bone stimulatory compounds have comparable
merits. Further development of these compounds for bone anabolic
therapies may therefore consider methods of delivery, pharmacokinetics
and bioavailability in vivo for each compound.
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4. Methods
4.1. MC3TS3 cell culture

MC3T3-E1 (sc4) cells were used for all the experiments. Cells were
maintained and expanded in MEM alpha ascorbic acid free media
(Gibco; Waltham, MA) supplemented with 10% Fetal Bovine Serum
(FBS; R&D Systems; Minneapolis, MN) and 100 units/ml penicillin
(Gibco). Ezh2 inhibitors were developed by the indicated pharmaceu-
tical companies (see Fig. 1) and acquired from commercial suppliers.
Our studies employed a panel of Ezh2 inhibitors that were obtained from
Cayman Chemicals (Ann Arbor, MI), unless indicated otherwise: CPI-
1205 (Selleck Chemicals; Houston, TX; Cat.#S8353, CAS No.
1621862-70-1), CPI-169 (Cat.#18299, CAS No. 1450655-76-1), EIl
(Cat.#19146, CAS No. 1418308-27-6), EPZ-6438 (Cat.#16174, CAS No.
1403254-99-8), GSK126 (Cat.#15415, CAS No. 1346574-57-9),
GSK503 (Cat.#18531, CAS No. 1346572-63-1), PF-06726304 (Sigma-
Aldrich; St. Louis, MO; Cat.#PZ0346-5MG, CAS No. 1616287-82-1),
UNC1999 (Cat.#1462, CAS No. 1431612-23-5). All compounds were
dissolved in DMSO and stored at -20 °C. At selected time points, in-
hibitors were diluted in pre-warmed tissue culture media and added to
the cell cultures. Control groups treated with vehicle (DMSO) were
supplemented within each experiment with equivalent concentrations of
DMSO as appropriate.

4.2. Osteogenic differentiation

For experiments requiring osteogenic differentiation, MC3T3 cells
were plated at 10,000 cells/cm? on standard tissue culture plates
(Gibco) in MEM alpha media (Gibco) supplemented with 10% FBS (R&D
Systems), and 100 units/ml penicillin (Gibco). The following day,
maintenance media was removed and replaced with osteogenic media
which consisted of standard MEM alpha with 10% FBS, 100 units/ml
penicillin, supplemented with 50 pg/ml ascorbic acid, and 10 mM
p-glycerol phosphate. Treatments were performed by adding either one
of the Ezh2 inhibitors or vehicle (DMSO). Media was changed every
three days and fresh osteogenic media was added.

4.3. MTS activity assay

MTS activity assay (Promega) was performed according to manu-
facturer's protocol at indicated time points. Absorbance was measured at
490 nm using a Spectra MAX Plus spectrophotometer (Molecular De-
vices; San Jose, CA).

4.4. Hoechst staining

Media was removed from the wells and cells were washed with
Phosphate Buffered Saline (PBS). Diluted 0.1 x Tris-EDTA buffer (1 mM
Tris, 0.1 mM EDTA) was added to the wells to cover the cells. Subse-
quently, plates were stored at —80 °C for a minimum of 2 h and then
thawed at room temperature. For each well, chromatin visualization in
the nucleus was achieved by adding Hoechst staining solution (0.5 pg
Hoechst 33258 (Sigma-Aldrich, Cat.# 94403) per 1 ml of buffer solution
(0.3 M NaCl, 5 mM Tris, pH 8.0 in H,0)). Plates were incubated in the
dark at room temperature for 15 min. Fluorescence intensity was
quantified at 340/460 wavelengths using a F200 Infinite Pro plate
reader (Tecan; Ziirich, Switzerland). Results were fit to a standard DNA
curve to establish relative DNA content.

4.5. Live/dead cytotoxicity assay

Cell viability was determined using the Live/Dead assay kit with two
fluorescent probes, Ethidium Homodimer-1 and Calcein-AM (Thermo
Fischer Scientific). Media was removed, the probes were diluted to 2 pl/
ml PBS and 0.5 pl/PBS respectively, and added to the wells. Following a

13

Bone 150 (2021) 115993

20 min incubation period, cells were observed under a fluorescent mi-
croscope (Zeiss; Oberkochen, Germany; Zeiss Axio Vert.Al) to deter-
mine viability. Proportions of live cells were measured by quantifying
fluorescence intensity at 465/540 nm using a F200 Infinite Pro (Tecan)
plate reader with appropriate excitation filters.

4.6. Western blotting

At indicated time points, cells were washed with PBS and lysed with
radioimmunoprecipitation buffer (150 mM NaCl, 50 mM Tris (pH 7.4),
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton X-
100) supplemented with protease inhibitor mixture (Sigma-Aldrich) and
phenylmethylsulfonyl fluoride (Sigma-Adrich). Lysates were cleared by
centrifugation and stored at —80 °C. Protein concentration was quan-
tified using the DC protein assay kit (Bio-Rad) following the manufac-
turer's protocol. Western blotting was performed as previously described
[31]. The following primary antibodies were used: Ezh2 (Cell Signaling;
Danvers, MA; Cat #5246; 1:10,000), H3K27me3 (Millipore; Cat
#ABE44; 1:1000), H3K27ac (Millipore; Cat #17-683; 1:1000), H3
(Millipore; Cat #05-928; 1:20,000), Gapdh (Cell Signaling; Cat # 5174;
1:5000), Tubulin beta (Tubb) (Developmental Studies Hybridoma Bank;
Iowa City, Iowa; Cat #E7, 1:10,000).

4.7. Alizarin red staining

At appropriate time points, media was removed and cells were
washed twice with PBS. After washing, cells were fixed in 10% Neutral
Buffered Formalin (NBF) for one hour. NBF was then removed, cells
were washed with PBS, and stained with 2% alizarin red pH 4.2 (Thermo
Fischer Scientific) for ten minutes. Stain was removed and cells were
washed five times with H0. Images of the wells were taken and staining
was quantified using ImageJ program.

4.8. Alkaline phosphatase activity assay

Using the same plates from the Hoechst staining described above,
250 pl of para-nitrophenylphosphate solution (2.5 mg 4-nitrophenyl-
phosphate disodium salt hexahydrate) (MilliporeSigma) per 1 ml of
buffer (0.1 M diethanolamine, 150 mM NaCl, 2 mM MgCl,) were added
to each well. Plates were incubate for 30 min at room temperature and
the absorbance was measured at 405 nm using the Spectra MAX Plus
spectrophotometer (Molecular Devices). Results were fit to a standard
curved prepared using reconstituted alkaline phosphatase enzyme
(Roche; Basilea, Switzerland) to determine relative enzymatic activity.

4.9. Isolation of mRNA

At indicated times, cells were lysed and RNA extracted using TRI-
Reagent (Zymo Resarch; Irvine, CA). RNA was isolated using Direct-
zol RNA MiniPrep (Zymo Research). Isolated RNA was quantified and
quality was tested using NanoDrop 2000 spectrophotometer (Thermo
Fischer Scientific).

4.10. Quantitative Real Time Reverse Transcription PCR (RT-qPCR)

RNA was isolated as described above and reverse transcription was
performed to obtain cDNA using the Promega Reverse Transcription kit
(Promega; Madison, WI) and protocol. Gene expression was quantified
using real-time quantitative PCR; each reaction was performed with 3.3
ng of cDNA per 10 pl with QuantiTect SYBR Green PCR Kit (Qiagen;
Hilden, Germany) in the CFX384 Real-Time System (Bio-Rad; Hercules,
CA). Transcript levels were analyzed using the 2" method and
normalized to the housekeeping gene Gapdh (set at 100). Primer pairs
were used at a final concentration of 0.08 pM.
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4.11. Overexpression of Ezh2 in MC3T3-E1 cells

To stably overexpress murine Ezh2 in mouse pre-osteoblasts, the
Ezh2 transcript was amplified from mouse cDNA with the primers
GCTGCAGGTCCGATCCACCGGTGACGAAGAATAATCATG (forward)
and GACTCCGGAACGAATTCTGATCACTAAGGCAGCTGTTTCAG
(reverse) and cloned into the lentiviral expression vector pUltra-hot
(Addgene; Watertown, MA; Cat. #24130). Thereafter, viral particles
were generated following standard procedures and MC3T3-E1 cells were
infected over three cycles of infection. Successful Ezh2 overexpression
was tested by RT-qPCR and western blotting. As a control, an empty
pUltra-hot vector was used.

4.12. siRNA-mediated Ezh2 knockdown

MC3T3 cells were seeded in maintenance media at 10,000 cells/cm?.
One day later, siRNA transfections with non-targeting control (GE
Healthcare; Chicago, IL; Cat # D-001810-10-20) or mouse Ezh2 (GE
Healthcare; Cat # L-040882-00-005) Dharmacon ON-TARGETplus
SMARTpools were performed using Lipofectamine RNAiIMAX (Thermo
Fischer Scientific; Waltham, MA) following manufacturer's instructions.
MC3T3 osteogenic media was added six hours after transfection. Media
was changed two days after transfection and replaced with fresh oste-
ogenic media containing vehicle (DMSO), GSK126 (5 pM) or EPZ-6438
(5 pM). Three days later, culture media for each of the treatment groups
(i.e., vehicle, GSK126 and EPZ-6438) were removed and fresh osteo-
genic media added. Subsequently, media was changed every three days.

4.13. Statistical analysis

Experiments were performed using biological triplicates from cul-
tures of the MC3T3 osteoblast precursor cell line. The results of the
experiments are presented as mean + STD. Statistical analysis was
performed using One-way ANOVA or Two-way ANOVA and Tukey's or
Dunnett's test for multiple comparisons. Statistical analysis was per-
formed using GraphPad Prism Version 8.4.2 (GraphPad Software, Inc.,
San Diego, CA). Significance is noted in the figures, when applicable (* p
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bone.2021.115993.
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