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High concentrations of bone morphogenetic protein 2 (BMP2) in bone regeneration cause adverse events (e.g,
heterotopic bone formation and acute inflammation). This study examines novel epigenetic strategies (i.e.,
EZH?2 inhibition) for augmenting osteogenesis, thereby aiming to reduce the required BMP2 dose in vivo for
bone regeneration and minimize these adverse effects. Human bone marrow-derived mesenchymal stem cells
(BMSCs) were grown on three-dimensional (3D)-printed medical-grade polycaprolactone scaffolds and in-
cubated in osteogenic media containing 50 ng/mL BMP2 and/or 5 uM GSK126 (EZH2 inhibitor) for 6 days
(n=3 per group and timepoint). Constructs were harvested for realtime quantitative polymerase chain reaction
analysis at Day 10 and immunofluorescence (IF) microscopy at Day 21. After pretreating for 6 days and
maintaining in osteogenic media for 4 days, BMSC-seeded scaffolds were also implanted in an immuno-
compromised subcutaneous murine model (n=39; 3/group/donor and 3 control scaffolds) for histological
analysis at 8 weeks. Pretreatment of BMSCs with BMP2 and BMP2/GSK126 costimulated expression of
osteoblast-related genes (e.g., IBSP, SP7, RUNX2, and DLX5), as well as protein accumulation (e.g., collagen
type 1/COLIAI and osteocalcin/BGLAP) based on IF staining. While in vivo implantation for 8 weeks did not
result in bone formation, increased angiogenesis was observed in BMP2 and BMP2/GSK126 groups. This
study finds that BMP2 and GSK126 costimulate osteogenic differentiation of MSCs on 3D scaffolds in vitro
and may contribute to enhanced vascularization when implanted in vivo to support bone formation. Thus,
epigenetic priming with EZH?2 inhibitors may have translational potential in bone healing by permitting a
reduction of BMP2 dosing in vivo to mitigate its side effects.
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Impact Statement

While autografts are still the gold standard for bone reconstruction, tissue availability and donor morbidity are significant
limitations. Previous attempts to use high concentrations of bone morphogenetic protein 2 (BMP2) have been shown to
cause adverse events such as excessive bone formation and acute inflammation. Overall, the utilization of EZH2 inhibitors
to modulate gene expression in favor of bone healing has been demonstrated in vitro in a tissue engineering strategy. Our
study will pave the way to developing tissue engineering strategies involving GSK126 as an adjuvant to increase the effects
of BMP2 for stimulating cells of interest on a three-dimensional scaffold for bone regeneration.
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Introduction

A UTOLOGOUS BONE GRAFTS have been used extensively in
the medical field to fill craniofacial and long bone de-
fects."™ While autografts are still the gold standard for bone
reconstruction, tissue availability, donor morbidity, and graft
resorption are significant limitations. Therefore, biomaterials
of various origins have been developed to circumvent these
limitations and the recent advancement in rapid prototyping
technologies such as three-dimensional (3D) printing with
orthoconductive scaffolds have shown the promise of cus-
tomized implants and personalized medicine.

Scaffold material for bone tissue engineering includes
ceramics (calcium phosphates), hydroxyapatite (HA), bio-
glasses, pol;/mers (collagen, chitosan, polylactide), and hybrid
materials.””’ Ceramics are advantageous due to their excel-
lent bioactivity but are inherently brittle. This makes it difficult
for clinical translation, as the scaffolds cannot be fixed with
screws. Other scaffolds such as collagen sponges,®” silk scaf-
folds,'” collagen,'" or alginate'* hydrogels for facilitating bone
morphogenetic protein 2 (BMP2) release have also been shown
to demonstrate good bone formation in bone defect models.

On the contrary, polymers lack bioactivity but are ductile
and have superior mechanical properties in comparison with
other biomaterials. The use of medical-grade polycaprolactone
(mPCL) in bone regeneration is appropriate for this study as
it allows the tissue-engineered construct to withstand greater
mechanical forces and offers greatest flexibility for surgical
fixation. In fact, numerous studies have investigated the use
of mPCL for bone regeneration.n_15 Therefore, mPCL is the
most suitable biomaterial to use for in vitro culture when
examining the full effects of BMP2 and/or GSK126.

A bone tissue-engineered construct is traditionally manu-
factured by seeding cells of interest such as bone marrow stromal
cells or osteoblasts and culturing them under a differentiation
cocktail in vitro before implantation. Cellular differentiation is
usually performed by directly upregulating bone-related genes
and this is achieved by the addition of osteogenic compounds
in the culturing media. While the biochemical composition of
the differentiation media and the length of culture required to
achieve sufficient cell stimulation for triggering bone formation
are still debatable,'®!” this concept underpins the manufacturing
of tissue engineering products. In addition to the use of a scaffold
for 3D cell culture, the addition of growth factors can be used to
promote osteogenesis.

Key factors in bone regeneration include the TGF-3 family
signaling molecules in which BMPs are a major subset. BMPs
were first discovered by Urist in the 1980s'® and are extracel-
lular cytokines that have endocrine, paracrine, and autocrine
signaling functions. They have an essential role in maintaining
bone homeostasis and embryological development. In partic-
ular, bone regeneration has been clinically triggered by the
delivery of osteogenic cues such as BMP2 directly influencing
cell commitment to osteogenesis through the Smad-dependent
or Smad-independent pathways.'*>*

Beyond the Smad pathway, gene expression during osteo-
blastogenesis is modulated by changes in the structure and
topology of DNA, which is packaged by histones into nucle-
osomes to form chromatin.>® This epigenetic regulation, which
allows for preservation of the DNA genotype while inducing
changes in cellular phenotype,® occurs through the modulation
of key transcription factors, as well changes in DNA methyl-
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ation, histone modifications, mitotically transmitted messenger
RNAs (mRNAs), small-coding RNAs (mRNAs), long non-
coding RNAs (IncRNAs), and mitotic bookmarking.?’* Gene
expression of osteogenic-related markers is epigenetically
controlled by enhancer of zeste homologue 2 (EZH2), the
active subunit of polycomb-repressive complex 2 (PCR2),
which methylates histone 3 at lysine 27 (H3K27) during bone
formation.®*® Trimethylation of H3K27 by EZH2, which
forms H3K27me3 marks gene regulatory regions, induces
heterochromatin formation to inhibit gene expression. Sup-
pression of EZH?2 protein levels and activity has been shown
to stimulate osteogenic differentiation in vitro as well as
enhances bone formation and prevents estrogen depletion-
induced bone loss in vivo.**%3~* Results from other studies
have also indicated that overexpression of EZH2 results in
adipogenic differentiation of MSCs.***® Mechanistically,
inhibition stimulates expression of key intermediates of bone
stimulatory pathways (e.g., BMP2, WNT, and PTH signaling)
to stimulate osteogenic differentiation.**

EZH2 is an attractive target for pharmacological strategies to
promote new bone, because extensive safety data are available
for drugs targeting this protein based on cancer-related studies.
For example, abnormal EZH? activity has been associated with
lymphoma,’ breast,*® and prostate® cancer progression, be-
cause EZH2 has been functionally linked to cellular prolifer-
ation, metastasis, and DNA repair.so GlaxoSmithKline 126
(GSK126) is one well-characterized EZH?2 inhibitor shown to
inhibit lymphoma growth and is currently in clinical trials for
application in treating B cell lymphoma.”® While the cytostatic
activity of EZH2 would not permit long-term systemic appli-
cations as a potential bone anabolic, short-term local applica-
tions or pretreatment of osteogenic cells with drugs that target
EZH2 may be a valuable strategy to promote bone healing.

The principal goal of this study is to assess the concept
of combining BMP2 with epigenetic priming by an EZH2
inhibitor (GSK126) to pretreat a 3D cell culture of human
bone marrow mesenchymal stem cells (BMSCs) for pro-
moting bone healing. Therefore, we assessed the in vitro
efficacy of the EZH2 inhibitor GSK126, with or without a
low-dose BMP2, toward the differentiation of human bone
marrow-derived mesenchymal stem/stromal cells (BMSCs)
grown on scaffolds. In this study, BMSCs were directly see-
ded onto a highly porous 3D-printed scaffold suitable for
bone regeneration and preconditioned by cotreatment with
BMP2 and GSK126 as optimized in previous studies in our
laboratory.***** The osteogenic commitment of the cells
was examined by expression of selected genes involved
in bone formation. Furthermore, the in vivo impact of cell
preconditioning with the addition of BMP2 and/or GSK126
was assessed in a murine subcutaneous model.

Materials and Methods
3D printing

Continuous printing of PCL results in fabrication of prop-
erly connected fibers forming a construction with 0/90°
between layers and a 600 pm fiber interdistance, as previ-
ously described.’* Each layer had a thickness of 467 34 pum.
A 5 or 3mm biopsy punch (Thermo Fisher Scientific,
Waltham, MA) was used to create circular discs for use in
the following experiments due to technical limitations in
3D printing small parts.
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BMSC extraction and cell culture

The BMSCs from three different male donors aged between
20 and 30 years (1A, 2A, and 3A) were isolated using plastic
adherence from the bone marrow mononuclear cells (Cat. no.
2M-125; Lonza, Basel, Switzerland) as described previously.5 3
Briefly, human bone marrow mononuclear cell fractions were
plated in maintenance medium comprising Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal calf serum (Hyclone,
San Angelo, TX), 2 mM L-glutamine, 50 U/mL penicillin, and
50U/mL streptomycin (Sigma Aldrich, St Louis, MI). Cells
were allowed to adhere for 7 days and nonadherent cells in the
medium were subsequently removed. Adherent cells were al-
lowed to form colonies and expand for 3-5 weeks, following
which they were harvested and replated at a density of 5000 cells
per cm? and expanded for 4-6 passages. Cells from passage 46
were seeded on PCL scaffolds for use in all in vitro and in vivo
scaffold-based experiments. Basal cell culture medium was
a combination of o modified Eagle’s medium (xMEM) with
10% fetal bovine serum and 1% penicillin/streptomycin (Gibco,
Waltham, MA). Osteogenic differentiation medium included
the addition of ascorbic acid (50 pg/mL), B-glycerol phosphate
(10mM), and dexamethasone (10 nM).

Cell seeding onto PCL scaffolds

Scaffold preparation and sterilization. Scaffolds were
first etched by immersion in 5M NaOH at 37°C for 30 min
before being washed three times (5-min duration) with dis-
tilled water. Scaffolds were incubated in 100% ethanol at
room temperature for 30 min before being sterilized under
UV light for 30 min as previously described.’*>°

Loading of dynamic bioreactor for cell seeding onto scaf-
folds. Cells were seeded in the scaffold using a dynamic
bioreactor (Synthecon RCCS4H, Houston, TX) in a cell
suspension density of 1 million cells/mL/scaffold. After 24 h
in the bioreactor, the seeded scaffolds were transferred to a
poly-2-hydroxyethyl methacrylate (poly-HEMA)-coated 48-
well plate (to avoid cell attachment to plate surface) and
further cultured with 5 uM GSK126 (Sigma Aldrich), 50 ng/mL
BMP2 (R&D Systems, Minneapolis, MN), or a combination
of both BMP2 and GSK126 in osteogenic medium for 6 days.
The concentrations of BMP2 and GSK126 were chosen
based on the results of previous studies carried out by our
group.**?> The medium was changed every 2 days.

Five different groups were created for the study: scaffold
with BMSCs cultured in basal medium (Group 1: Control),
scaffold with BMSCs cultured in osteogenic medium (Group 2:
Osteo), scaffold with BMSCs cultured in osteogenic medium
with BMP2 (Group 3: BMP2), scaffold with BMSCs cultured
in osteogenic medium with GSK126 (Group 4: GSK126),
scaffold with BMSCs cultured in osteogenic medium with
both BMP2 and GSK126 (Group 5: BMP2/GSK126). These
groups (n=3 per treatment) were replicated for each of the
three donors used (1A, 2A, and 3A).

After 6 days of treatment with BMP2 and/or GSK126,
cultures of seeded scaffolds were maintained on osteogenic
medium for another 4 days. At 10 days, samples were har-
vested and utilized in a variety of assays (described below);
live-dead assay, scanning electron microscopy (SEM), RNA
extraction for realtime quantitative polymerase chain reac-
tion (RTgPCR), immunofluorescence (IF), and ectopic im-
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plantation with hematoxylin and eosin (H&E) or Sirius red
staining (n=3 per group per donor). To evaluate the long-
term influence of cell preconditioning upon bone-related
protein secretion (collagen type I/COLIAI and osteocalcin/
BGILAP), the constructs were subsequently cultured in osteo-
genic medium for 21 days and IF was utilized to visualize
these proteins. Similarly, the influence of preconditioning
on cell viability at Days 10 and 21 was investigated for the
BMP2/GSK126 group and compared with cells cultured under
osteogenic condition.

In vitro characterization
Assessment of the preconditioning long-term effect

Cell viability. The impact of the PCL scaffold and bio-
reactor environment on the BMSCs was assessed by mea-
suring cell viability at Days 10 and 21 for the Osteo and
BMP2/GSK126 groups. Seeded scaffolds (n=3 per culture
conditions) were stained with calcein acetoxymethyl (1:500
dilution) and ethidium homodimer-1 (1:2000 dilution) ac-
cording to the manufacturer’s instructions (Live/Dead Via-
bility/cytotoxicity kit for mammalian cells; Invitrogen
Molecular Probes, Waltham, MA) and incubated for 20 min
before visualization using an inverted LSM 780 multiphoton
laser scanning confocal microscope at excitation wave-
lengths of 488 and 561 nm.

Scanning electron microscopy. To characterize the con-
structs under osteogenic and BMP2/GSK126 preconditioning
at Day 10, the cellularized scaffolds (n=3) were fixed in
Trumps fixative at 4°C for 1h, washed in phosphate-buffered
saline (PBS), rinsed in water, and dehydrated through a graded
series of ethanol. They were then critical point dried using
CO,. These samples and control noncellularized scaffolds
(n=3) were then mounted on an aluminum stub and sputter-
coated for 150 s with gold-palladium. Samples were imaged in
a Hitachi S-4700 cold field emission scanning electron mi-
croscope at SkV accelerating voltage. Average strut diameter
was calculated from measurements of five different images.

Assessment of the osteogenic differentiation

Quantitative realtime qPCR. The impact of cell pre-
conditioning on osteodifferentiation was investigated using a
number of the downstream genes activated in osteogenesis:
integrin-binding sialoprotein (/BSP), osterix/SP7 transcription
factor (SP7), runt-related transcription factor 2 (RUNX2), and
distal-less homeobox 5 (DLX5). In particular, the expression
of IBSP encodes a protein that specifically binds calcium and
HA and constitutes a major component of noncollagenous
proteins in bone. On the contrary, SP7, Runx2, and DLX5 are
important BMP2 responsive transcription factors essential for
osteoblast differentiation.

To evaluate gene expression of these osteogenic markers
at the mRNA level, total RNA was isolated from control and
treatment groups (osteogenic medium with or without BMP2,
GSK126, BMP2/GSK126) at Days 0 and 10 post-treatment
by TRIzol-based extraction. RNA extraction was completed
as per the Direct-zol RNA Isolation Miniprep Protocol. Using
the SuperScript III First-Strand Synthesis System (Invitro-
gen), complementary DNA (cDNA) was prepared and used as
a template for real-time PCR in an SYBR Green-based
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reaction. Samples were run on a CFX384 RealTime qPCR
System (BioRad, Hercules, CA). Previously validated primer
sequences were used to amplify cDNAs for genes of interest,
including IBSP, SP7, Runx2, and DLX5 (Table 1). Gene ex-
pression was quantified by the 272" method and presented
as relative expression units normalized to a single house-
keeping gene, GAPDH.

IF microscopy. To evaluate the relative presence of bone-
related proteins, the BMSC-laden PCL scaffolds that under-
went osteogenic differentiation with or without BMP2 and
GSK126 for 21 days were fixed in 4% paraformaldehyde (PFA)
for 10 min before proceeding for immunostaining. The samples
were rinsed in PBS twice and subsequently blocked with 2.5%
BSA in PBS for 1h, and incubated with primary antibodies to
human collagen 1 (C2456, 1:500 dilution; Sigma) and human
osteocalcin (ab13421, 1:200 dilution; Abcam) in 1% BSA
overnight at 4°C with gentle shaking. After removing the pri-
mary antibodies, samples were washed three times with PBS
and incubated with corresponding secondary antibodies (goat
anti-rabbit IgG [Alexa Fluor 488, ab150077; Abcam] and
donkey anti-rabbit [Alexa Fluor 594, ab150108; Abcam]) for
1h at room temperature. Using established and constant set-
tings, samples were imaged by confocal microscopy and
z-stacks were collected for each sample, with ~ 50 slices. The
number of pixels (green or red) per channel for a set area was
then quantified using ImageJ normalizing by the cell number to
estimate the relative amount of protein synthesized.

Alizarin red staining. To evaluate mineralization, donor
BMSC-laden PCL scaffolds with or without preconditioning
were treated in osteogenic conditions for 21 days and thereafter
fixed in 4% PFA for 10 min and washed with PBS. This was
followed by staining with 0.1% Alizarin red solution (pH 4.2)
for 30 min at room temperature, followed by several gentle
washes with distilled water. Scaffolds were allowed to air-dry
and then scanned using an Epson Perfection V600 scanner. For
semiquantification of the Alizarin red staining, 200 puL of 10%
acetic acid was added to each well of the 24-well plate and
incubated for 30 min with shaking. This was transferred to a
1.5 mL microcentrifuge tube and vortexed vigorously for 30's.
The pH was adjusted with ~75 pL. 10% ammonium hydroxide
ensuring that the pH was within the range of 4.1-4.5. Aliquots
of 50 pL for each sample were transferred to an opaque-walled,
transparent-bottom, 96-well plate, and the solution absorbance
was read at 405 nm. The results were averaged over the donors
and displayed as raw absorbance values.

In vivo implantation

The efficacy of the different groups toward ectopic bone
formation was assessed using a subcutaneous murine model.
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To this end, female mice with severe combined immune defi-
ciency (Envigo, Indianapolis, IN), between the ages of 8-10
weeks, were used for this study. All procedures were followed in
accordance with Mayo Clinic’s Institutional Ethics-Approved
Small-Animal Protocol (IACUC#A00002695-17). The ex-
perimental groups included PCL scaffold alone (Control) and
the cell-laden scaffolds in combination with BMSCs treated
with osteogenic medium (Osteo), BMP2, GSK126, and a
combination of BMP2/GSK126, resulting in a total of five
groups per donor MSC and three implants per group. After
6 days of treatment with BMP-2 and/or GSK126, cell culture
of seeded scaffolds was maintained on osteogenic medium
for another 4 days. This enabled both cell differentiation
and the re-establishment of the proliferative capacity before
in vivo implantation. At 10 days, samples were harvested and
ectopic implantation was performed adopting a random as-
signment design, with up to 2 implants per animal. In total,
39 scaffolds were implanted into 20 mice with up to two
scaffolds per side.

Before implantation, the scaffolds were injected with a
heparinized gelatin-hyaluronic-acid hydrogel to provide
natural extracellular matrix (ECM) in the direct vicinity of
the cells. Therefore, 25 pL. of the heparinized gelatin/hya-
luronic acid hydrogel (Sigma Aldrich) was reconstituted as
per the manufacturer’s instructions for reaching a 1%wt/vol
hydrogel composition and carefully dispensed into the see-
ded scaffold. The scaffolds were incubated at 37°C, 5% CO,
for ~20min allowing the gel to set before implantation.

Animals were anesthetized using isoflurane. After induction
of anesthesia, the hair on the dorsal site of surgery was clipped
and the skin was cleaned with iodine and ethanol swabbing.
Using a sterile scalpel, a 1 cm incision was made dorsally on
the skin on either side of the midline. A subcutaneous pocket
was created and the scaffolds were implanted (one implant per
pocket) (Appendix Fig. 1A), followed by closure of the inci-
sion using sterile wound clips (Appendix Fig. 1B, C). After
the surgery, the animals were placed on a heating pad to
recover from anesthesia before returning them to their cages.
After 2 weeks, the wound clips were removed. After 8 weeks,
the animals were sacrificed and the implants harvested and
transferred to 4% paraformaldehyde for fixation and histo-
logical processing.

microCT. Samples were analyzed by microCT (unCT40,
SCANCO Medical AG, Briittisellen, Switzerland) with a
voltage of 45 kVp, a current of 177 pA and power of 4 W, an
integration time of 200 ms, a voxel size of 20 um, and a
grayscale threshold of 220 to determine bone mineraliza-
tion. Three-dimensional images were reconstructed using
the microCT software.

TABLE 1. FORWARD AND REVERSE GENE PRIMERS USED IN REAL TIME QUANTITATIVE
POLYMERASE CHAIN REACTION ANALYSIS

Gene Forward Reverse

GAPDH ATGTTCGTCATGGGTGTGAA TGTGGTCATGAGTCCTTCCA
IBSP GAACCTCGTGGGGACAATTAC CATCATAGCCATCGTAGCCTTG
SP7 GCCATTCTGGGTTGGGTATC GAAGCCGGAGTGCAGGTATCA
RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA

DLX5

AGCTACGCTAGCTCCCTACCACC

GGTTTGCCATTCACCATTCTCAC
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Histology

H&E and Sirius red staining. To characterize the in vivo
constructs, the samples were dehydrated and paraffin em-
bedded using a tissue processor (Shandon™ Excelsior ES;
Thermo Scientific, Waltham, MA). Five-micrometer cross-
sectional slices of the constructs were sectioned and col-
lected on polylysine-coated slides. These samples were
deparaffinized with xylene before rehydration with de-
creasing concentrations of ethanol. Sections were stained
with H&E and Sirius red and scanned with an Aperio AT2
Console (Leica Biosystems Imaging, Inc.).

Histomorphometry. Histomorphometry was conducted on
the samples stained with H&E using the ImageScope suite.
The number of blood vessels and the surface area occupied
by early stages of mineralization, as well as the remaining
hydrogel in the scaffold, were measured to quantify the per-
formance of the different scaffold designs.

Statistics

One-way analysis of variance was used for determining
statistical significance in cell viability, gene expression IF, and
histomorphometry. A p<0.05 was considered to represent
statistically significant differences.

Results
Scaffold characterization

The architecture of PCL scaffolds by continuous 3D printing
was evaluated by SEM analysis. The results revealed uni-
form mPCL struts of 467 34 um diameter at alternating 0/90°
(Fig. 1A, B). As the average cell diameter of fibroblastic BMSCs
is between 10 to 30 um, this geometry provides sufficient sub-
stratum for cell attachment while permitting gas exchange and
solute diffusion with the culture media.

In vitro characterization

Cellularized scaffolds. At both Days 10 and 21, there
was a statistically significant decrease in the percentage of
live cells for given culture conditions (p <0.05) (Fig. 1C).
The addition of BMP2 and GSK126 did not adversely
affect cell viability on Day 10. Interestingly, the later time
point demonstrated that preconditioning with BMP2/
GSK126 resulted in a slight decrease in the cell viability
when compared with osteogenically induced cells. SEM
analysis of the cellularized constructs showed extensive
ECM deposition within scaffold pores (Fig. 1E). Similar
matrix lattices were observed in both Osteo and BMP2/
GSK126 treatment groups.

Assessment of osteogenic differentiation

RTqPCR. To mitigate the effects of donor variation on gene
expression, realtime qPCR data results were assessed sepa-
rately for each donor-derived BMSC population. Although the
gene expression differed between donors, the pattern of ex-
pression was consistent for most genes assessed in our analy-
sis. More specifically, IBSP was upregulated by BMP2 and
BMP2/GSK126 in the majority of donors (Fig. 2A) and
reached statistical significance (p=0.05) for Donor 2A when
the BMP2/GSK126 was compared with the Control, Osteo,
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and GSK126 groups. Similarly, SP7 was upregulated in the
BMP2/GSK126 treatment with the majority of donors showing
a significant difference when compared against the Control,
Osteo, and GSK126 groups (Fig. 2B).

The expression of RUNX2 was significantly upregulated
by BMP2/GSK126 treatment against Control and Osteo
conditions for Donor 2A and against all other conditions in
Donor 3A (Fig. 2C). For most genes and donors, BMP2 and
GSK126 treatment alone had a similar effect to Osteo media
but still demonstrated higher levels of expression when
compared with the Control. Finally, DLX5 was upregulated
in the BMP2 and BMP2/GSK126 conditions and had sig-
nificantly higher expression than the control condition in
Donors 2A and 3A (Fig. 2D). Conversely, GSK126 treat-
ment yielded significantly less DLX5 expression compared
with the BMP2/GSK126 group in Donor 3A, but a similar
level of expression compared with the Control and Osteo
groups. Overall, this experiment demonstrated that the uti-
lization of BMP2-GSK126 in the media consistently upre-
gulated the expression of genes involved in osteogenesis.

Immunofluorescence. Collagen type I (COLIAI) and os-
teocalcin (BGLAP) are key markers of the ECM in bone (re-
spectively, most abundant collagen and noncollagenous protein)
and the presence of these proteins was detected in vitro after
21 days of culture (Fig. 3A-E). Semiquantification of the IF
staining (Fig. 31, J) demonstrated that across the donors,
BMP2 and BMP2/GSK126 treatment resulted in the upre-
gulation of COLIAI (red) and BGLAP (green) protein ex-
pression. In particular, the BMP2/GSK126 treatment group
for Donor 1A had significantly higher levels of expression of
both COLIAI and BGLAP when compared with the other
groups ( p <0.05). This trend was similarly seen in COLIAI
expression for Donor 3A, but there was no statistical dif-
ference between the BMP2 and BMP2/GSK126 groups.
BGLAP expression for Donor 3A demonstrated statistically
significant differences between the BMP2 group compared
with the Control, Osteo, and GSK126 groups (p<0.05).
There was no significant difference between BMP2 and
BMP2/GSK126 treatment groups.

For Donor 1A, there was a significantly lower COLIAI
and BGLAP protein deposition in the GSK126 group when
compared with the rest of the treatment groups (p <0.05).
Interestingly, while Donor 1A exhibited the most difference
in protein synthesis, this trend was not seen in gene ex-
pression. Incubation of the scaffolds with no cells as well as
with secondary antibodies alone did not demonstrate non-
specific staining (Fig. 3F-H).

Alizarin red staining. Semiquantification of the staining
on scaffolds cultured with BMP2 and/or GSK126 for 21 days
in vitro showed that all treatment groups (control excluded)
had an effect in upregulating calcium deposition (Fig. 4A).
The control groups displayed positive staining, which can be
attributed to nonspecific Alizarin red binding. When the re-
sults were averaged for the three donors (Fig. 4B), the BMP2
treatment group had the greatest amount of in vitro miner-
alization although it did not reach statistical significance
when compared with the other treatment groups. It can also
be seen that GSK126 has an effect on bone mineralization
independent of BMP2.
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FIG. 1. Characterization of the 3-mm-
diameter, 600-um porosity mPCL scaffold,
where (A) depicts the photograph of the
scaffold and (B) is an SEM image of the
scaffold. Cell viability analysis on seeded
scaffolds with calcein acetoxymethyl (green,
live cells) and ethidium homodimer-1 (red,
dead cells), where (C) illustrates the per-
centage of live cells on a seeded scaffold
at D10 and D21 time points (n=3,
mean * standard deviation) and (D) presents
the representative images of seeded scaf-
folds at D10 and D21 time points. (E) The
SEM of the cellularized scaffold after

10 days of culture in osteogenic medi-

um = BMP2/GSK126 treatment with dense
extracellular matrix fibers visible at 20X,
100 %, and 500 x magnification. * denotes
statistical significance. BMP2, bone mor-
phogenetic protein 2; mPCL, medical-grade
polycaprolactone; SEM, scanning electron
microscopy. Color images are available
online.
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In vivo characterization central portion of the scaffold (Fig. 5). There was no mature

bone observed in any of the treatment groups corroborating the

microCT of the samples at 8 weeks postimplantation dem- microCT results. Sirius red S staining demonstrated that the

onstrated no significant bone formation within the scaffolds. region with dense cellularity was also composed by important

Histology showed that the scaffolds were fully infiltrated with  collagen deposition, possibly indicating early mineralization in

host cells and that some remaining hydrogel could be seen all samples except the Control and Osteo scaffolds (Fig. 6,
across all groups along with the presence of fatty marrow in the indicated by “*”’).
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FIG. 2. RTqPCR analysis for gene expression of osteogenic genes [(A) IBSP, (B) SP7, (C) RUNX2, (D) DLX5] for the
three donors after Day 10 of in vitro culture. (n =3 per donor, mean * standard mean error). * denotes statistical significance.
RTqPCR, realtime quantitative polymerase chain reaction. Color images are available online.
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The HA/gelatin hydrogel was incorporated into the
scaffold to support the BMSCs and provide ECM in bone
formation. The BMP2/GSK126 groups displayed less hy-
drogel remaining after 8 weeks compared with the other
groups, although there was no statistically significant dif-
ference. This may indicate greater macrophage activity and
is supported by the higher vasculature density in the BMP2/
GSK126 group.

Histomorphometrical analysis revealed that the BMP2
and BMP2/GSK126 treatment groups demonstrated a
significantly higher vasculature density of 43+ 10 blood
vessels per 1 mm” and 39+9 blood vessels per 1 mm?,
respectively, when compared with the treatment groups
(Control and Osteo) (Fig. 7A), and this was consistently
observed for all donors. There was no significant difference
between the Osteo and GSK126 treatment for inducing
angiogenesis. While histomorphometry demonstrated a
slight increase in the area of early mineralization for BMP2,
GSK126, and BMP2/GSK126 groups, it only reached
statistical significance for the BMP2 preconditioning for
Donor 3A.

Discussion

This study has investigated the effects of preconditioning
BMSCs seeded on 3D scaffolds with BMP2, GSK126, and a
combination of these two biological cues with subsequent
implantation into an ectopic mouse model. The rationale of
pretreating cells with GSK126, a known inhibitor of EZH2,
originates from its involvement in osteogenesis. Indeed, a
landmark study® demonstrated that EZH2 is downregulated
once mesenchymal stem cells (MSCs) have committed to
the osteogenic lineage. Furthermore, inhibition of EZH2 has
resulted in downregulation of cellular proliferation as well
as increased synthesis of bone-related ECM, thereby sup-
porting bone healing.*>*® This trend was confirmed in
MC3T3 preosteoblasts where EZH2 inhibition resulted in
increased expression of wingless-related integrated site
(Wntl10b) and parathyroid hormone 1 receptor (Pthlr) bone
stimulatory proteins via the BMP-dependent phosphoryla-
tion of Smadl/5.** Administration of both BMP2 and
GSK126 in conjunction resulted in si§niﬁcantly more bone
formation in MC3T3 preosteoblasts.”* Our study utilized
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donors under the four treatment groups (A—M). An ““*”* has been used to highlight early mineralization and the arrows
indicate the remaining hydrogel within the scaffold. H&E, hematoxylin and eosin. Color images are available online.
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available online.
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primary cells isolated from human bone marrow and sup-
ports previous studies by our research group®**>** that
GSK126 can be used to improve bone tissue engineering.
In particular, the study has highlighted for the first time the
potential of using GSK126 in 3D cell cultures in 3D-
printed scaffolds. BMP2 was used as a positive control
and it was observed that GSK126 did not abolish BMP2’s
osteogenic effect.

The importance of EZH2 inhibition toward osteogenic
differentiation was previously demonstrated in an osteopo-
rotic estrogen-deficient mouse model by daily injecting

50mg/kg GSK126 over 5 weeks, which resulted in in-
creased bone formation.** While systemic delivery of EZH2
inhibitors such as GSK126 may cause overt adverse effects,
local application of these inhibitors for short periods of time
can be considered for the treatment of bone trauma such as
nonunion fractures, spinal fusion, and critical-sized defect
models.***** Because EZH2 inhibition may compromise
cell proliferation in addition to enhancing osteogenic gene
expression,***>* our current strategy involved the treat-
ment of MSC with GSK126 during a determined period
in vitro before in vivo implantation. Our preconditioning
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strategy also involved the stimulation of the cells only for
a reduced period of time to mitigate any potential DNA
damage inflicted by a prolonged in vitro culture, which may
be detrimental to differentiation capacity.’” Interestingly, our
data demonstrated that a pretreatment of 6 days resulted in
long-term upregulation of bone-related ECM components,
suggesting a memory effect of the differentiation cocktail.

The analysis of gene expression in the in vitro experi-
mentation supported the above results of using EZH2 to
promote osteogenic differentiation in vitro and illustrated clear
trends in upregulated expression of IBSP, SP7, Runx2, and
DLX5 in the BMP2 and BMP2/GSK126 groups. The addition
of both BMP2 and GSK126 into cell culture acted to further
improve osteogenesis in the BMSCs. This was reflected in the
expression of COLIAI and BGLAP proteins semiquantified
via IF staining in Donors 1A and 3A. However, this strong
commitment toward osteogenesis in vitro differentiation was
not translated into in vivo bone formation. Indeed, none of the
retrieved samples resulted in bone mineralization at 8 weeks
postimplantation.

Interestingly, early signs of bone formation, as demon-
strated by the presence of areas of high cell condensation
within a dense collagen matrix, were consistently observed
for the specimens pretreated with BMP2, and to a smaller
extent with BMP2/GSK126. This indicates that the assess-
ment of in vitro preconditioning onto the bone formation
efficacy may have required prolonged in vivo implantation
to lead to ectopic osteogenesis.

The site of implantation may have played a significant role
in facilitating ectopic bone formation. Previous studies by
our group revealed that MC3T3 osteoblasts can be pre-
conditioned by cotreatment with BMP2 and GSK126, and
that bone maturation in a murine calvarial defect is stimu-
lated upon local administration of BMP2 and/or GSK126.**
These studies indicate that a calvarial defect model is more fit-
ting to assess osteogenesis and the use of a subcutaneous ectopic
model explains why a lack of bone formation was observed
in this study. Indeed, it has been suggested that intramus-
cular implantation, as opposed to subcutaneous implanta-
tion, generally increases the frequency of bone formation
in osteogenic materials.>®

Despite these limitations, a subcutaneous animal model
would still demonstrate the mineralization of cells independent
of native bone cells. While natural biomaterials have greater
bioactivity, PCL is commonly used in tissue engineering ap-
plications due to its superior mechanical properties for bone
regeneration and is unlikely to have prevented bone forma-
tion.”**> We justified the selection of a subcutaneous model
as it was a convenient method for testing multiple different
combinations as a screening process before proceeding to
in vivo testing with a bony defect model. In addition, as we were
focusing on accelerating bone induction rather than bone for-
mation, a subcutaneous model was an appropriate choice.
Another explanation for the potentially delayed osteogenesis
comes from the number of implanted cells as several studies
demonstrated that a cell number threshold is required to trigger
a biological response.

There appears to be evidence of hemopoiesis upon sub-
cutaneous implantation of treated BMSCs when precondi-
tioned with any of the biological cues, used separately or in
combination. This finding is not unusual as other MSC-
related constructs have been shown to exhibit some form of
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vascularization as skin capillaries at implantation sites nat-
urally infiltrate scaffold following incision. Therefore, it is
not possible for us to conclude that preconditioning in-
creases vascularization, although it remains a possibility that
preconditioning may enhance this natural capillarization
process that is generally observed for BMSC implants. The
development of a vascularized network is of importance in
the context of bone regeneration, as neovascularization is
essential for enabling subsequent bone formation.*> The
preconditioning with biological cues may enhance greater
bone healing in a defect by facilitating angiogenesis.

The utilization of 3D-printed constructs with pretreated cells
in this study has potentially significant advantages in facilitat-
ing spatially accurate cells deliver and enhanced cell retention
in the implanted site. However, our present study involving
preconditioning of cells on a 3D scaffold and suggests that ec-
topic bone formation in a 3D environment may require different
preconditioning settings (e.g., concentration and length) to
achieve bone formation. Overall, the utilization of EZH2 in-
hibitors to modulate gene expression in favor of bone healing
has been demonstrated in vitro in a tissue engineering strategy.
Our study will pave the way to developing tissue engineering
strategies involving GSK126 as an adjuvant to increase the ef-
fects of BMP?2 for stimulating cells of interest on a 3D scaffold.

Conclusion

This study reported the use of the EZH2 inhibitor
GSK126 to inactivate epigenetic mechanisms that suppress
osteogenesis to augment BMP2-mediated bone healing. The
pretreatment of BMSCs with BMP2/GSK126 upregulated
gene expression for osteogenesis in vitro but did not translate
into significant bone mineralization after 8 weeks in vivo.
However, the increased angiogenesis observed in both the
BMP2 and BMP2/GSK126 groups may suggest a greater
potential for mineralization in a bone defect model. Further
studies are required to determine whether the use of BMP2
with GSK126 may negate the need or reduce the normal
BMP2 dosage in vivo for stimulating bone regeneration.
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Appendix

APPENDIX FIG. Al. Ectopic implantation procedure into female SCID mice. (A) Placement of the seeded scaffold into
a subcutaneous pocket. (B, C) Closure of wound using wound clips. (D) X-ray of SCID mice in the BMP2/GSK126 group
before harvesting the scaffolds. No bone formation in the subcutaneous pocket was detected. This result was consistent in all
treatment groups. SCID, severe combined immune deficiency. Color images are available online.
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