Original Article

Journal of Tissue Engineering
Volume 13: 1-13

© The Author(s) 2022

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/20417314221116754
journals.sagepub.com/home/tej

®SAGE

Therapeutic potential of epiphyseal
growth plate cells for bone regeneration
in an osteoporosis model

Inho Baek', Alvin Bacero Bello', Jieun Jeon', Yoshie Arai',
Byung-Hyun Cha?, Byoung Ju Kim? and Soo-Hong Lee'

Abstract

Bone growth occurs in the epiphyseal growth plate (EGP) and epiphyseal growth plate cells (EGPCs) exist in EGP.
EGPCs, including skeletal stem cells (SSCs), are cells that induce bone growth and development through endochondral
ossification. Recently, the superiority of bone regeneration through endochondral ossification has been reported. Our
study compared EGPCs with bone marrow-derived mesenchymal stem cells (BM-MSCs) and suggested the therapeutic
potential of new bone regeneration. In this study, we analyzed the characteristics between EGPCs and BM-MSCs based
on morphological characteristics and molecular profiles. EGPCs expressed chondrogenic and osteogenic markers higher
than BM-MSCs. Additionally, in co-culture with BM-MSCs, EGPCs induced an increase in chondrogenic, osteogenic, and
hypertrophic markers of BM-MSCs. Finally, EGPCs induced higher bone regeneration than BM-MSCs in the osteoporosis
model. Overall, we suggest the possibility of EGPCs as cell therapy for effective bone regeneration.
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remains only in a cell reservoir called the epiphyseal
growth plate (EGP) and in the articular regions.** In the
process of development, most bones, except the cranial
bones, are formed via endochondral ossification.®

In long bones, the epiphyseal cartilaginous growth
plate is largely divided into four main zones—the resting,

Introduction

Bone formation in a developing embryo begins with the
mesenchyme and occurs through one of two processes—
either endochondral or intramembranous ossification
(osteogenesis). These two types of ossification ensue via
different molecular processes, but both ultimately lead to
bone formation.! Intramembranous ossification involves

direct bone formation, via the differentiation of mesenchy-
mal stem cells (MSCs) into osteoblasts. Most of the cranial
bones are primarily formed via intramembranous ossifica-
tion.? In contrast, endochondral ossification involves the
hypertrophy of a cartilaginous template into bone tissue.
These processes generally occur in two major regions, the
diaphysis and epiphysis. First, a primary ossification
center is formed in the diaphysis as blood vessels and oste-
oblasts infiltrate and replace the calcified cartilaginous
template.’ This process is then followed by a secondary
ossification in the epiphysis. Upon completion of the bone
formation, un-calcified hyaline cartilage is constricted and
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proliferative, pre-hypertrophic, and hypertrophic zones.
To regenerate the bone, non-dividing chondrocytes in the
resting zone undergo a sequence of events, which include
rapid proliferation and differentiation, for de novo bone
formation to replace the old tissue. The resting zone is a
key region of the EGP because it contains several popula-
tions of stem cells that can regenerate old tissues. Among
the cell types that reside in this region, skeletal stem cells
(SSCs) are determined to differentiate into osteocyte and
then contribute to bone structures. SSCs have been
reported to have a higher capacity to differentiate into
bone or cartilage than any other stem cells.” Interestingly,
epiphyseal growth plate cells (EGPCs) contain cells
expressing CD200, a representative surface marker of
SSCs. These CD200-positive EGPCs are known as stem
cells and have high proliferation, differentiation, and
regeneration ability.® And thus EGPCs may be a reliable
replacement for adult stem cells in therapeutic applica-
tions for bone regeneration. Also, it has been shown that
the endochondral process generates bone regeneration
with higher density and flexible bones than intramembra-
nous process.” ! Since SSCs are directly involved in
endochondral ossification,'> we hypothesize that SSCs-
rich EGPCs are superior to adult stem cells for bone
regeneration. Thus, in this study, we aimed to investigate
whether EGPCs are able to show higher bone regenera-
tion capability as compared to BM-MSCs.

Materials and methods

Isolation and culture of EGPCs and BM-MSCs
from rats

EGPCs and BM-MSCs were isolated from 8weeks old
Sprague Dawley (SD) male rat. All the animal procedures
were performed in accordance with a protocol approved by
the institutional Animal Care and Use Committee (IACUC)
of Dongguk University (IACUC 2019-047-2). The male,
7weeks old Sprague Dawley (SD) Rats were purchased
from Orient Bio, Inc (Seongnam, Korea). Animals were
raised at 55%—65% humidity and a controlled temperature
of 20°C-24°C with a light/dark cycle of 12h/12h. Rats
had free access to food and water ad libitum. All rats were
sacrificed in a CO, gas chamber.

We obtained rat EGPCs through surgical methods from
the EGPs of the tibiae plateau and femoral condyle. All the
cells of the entire epiphyseal plate (all four layers) were
isolated. To obtain the cells from the EGP, the tissue was
incubated with 0.3% type II collagenase in Low Glucose-
Dulbecco’s Modified Eagle’s Medium (LG-DMEM,;
Hyclone) at 37°C for 2h. Isolated EGPCs were filtered
through a 0.4 pm strainer, and the collagenase solution was
removed by washing the cells with Dulbecco’s phosphate-
buffered saline (DPBS). Subsequently, the cells were
seeded in a 100mm dish. Cells were isolated from the

femur EGP tissue of eight rats. The EGPCs were cultured
in the LG-DMEM media supplemented with 10% Fetal
Bovine Serum (FBS; Gibco) and 1% Antibiotic-
Antimycotic (100X) (AA; Gibco) medium, with medium
changes every 2 days.

For rat BM-MSCs, the bone marrows of the tibiae pla-
teau and femoral condyle were harvested and collected
into Dulbecco’s Modified Eagle’s Medium (DMEM,
Hyclone). The cells were then filtered through a 40 pm fil-
ter and centrifuged at 1300 rpm for 3 min. After rinsing the
cells with DPBS three times, they were maintained in
LG-DMEM supplemented with 10% FBS and 1% AA.
BM-MSCs were incubated at 37°C in humidified air with
5% CO,. After 12h of culture, the cells were washed with
DPBS and cultured with the maintenance medium (DMEM
supplemented with 10% FBS and 1% AA), which was
changed every 2-3 days. The cells were passaged at 80%
confluence. Isolated EGPCs and BM-MSCs cultured up to
passage four were used in all the experiments.

Cell proliferation

The proliferative capacities of BM-MSCs and EGPCs
were measured via the Cell Counting Kit-8 assay (CCK-8,
Dojindo, Japan). Cells were seeded at a concentration of
4000 cells per well into a 24-well plate and cultured with
DMEM. To quantitate cell proliferation, the cells in each
well were treated with a 1:10 mix of medium and CCK-8.
After 1h of incubation, the absorbance of the media was
measured using Cytation 3 (BioTek).

Flow cytometry

Cell-membrane expression of the MSC markers CD73,
CD44, and CD90 and the SSC marker CD200 on BM-MSCs
and EGPCs were analyzed via flow cytometry. Cells in cul-
ture were washed with DPBS twice and detached using
0.25% trypsin. They were then collected by centrifugation.
The cell pellets were re-suspended in DPBS with 2% FBS
(FACS buffer), incubated with specific primary antibodies
for 30min at 4°C, and then washed with the FACS buffer
three times. Antibodies against CD73 (NBP2-25235;
5'-Nucleotidase/CD73 Antibody, NOVUS BIOLOGICALS),
CD44 (MCA643GA; MOUSE ANTI RAT CD44, Bio-Rad,
UK), CD90 (sc-53456; Thy-1/CD90 antibody (aTHy-1A1),
Santa Cruz Biotechnology), and CD200 (MA1-70035;
CD200 Monoclonal Antibody (OX-2), ThermoFisher
Scientific) were used as the primary antibodies (1:100 diluted
in the FACS buffer). The cells were then washed with the
FACS buffer twice and incubated with the secondary anti-
bodies (1:100 diluted in the FACS buffer; Mouse IgG (H + L)
Cross-Adsorbed Secondary Antibody (A-11001) in
Immunohistochemistry (IHC), ThermoFisher Scientific) for
30min at 4°C in the FACS buffer. The cells were finally
washed with the FACS buffer three times, and their
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Table I. Primer pairs used for qRT-PCR.

Gene Ref seq no. Forward

Reverse

18S NM_046237.1
Sox9 NM_080403.1
Acan XM_039101035.1

Col2al  NM_012929.1 GCC AGG ATG CCC GAA AAT TAG
Runx2 NM_001278484.2 CCA CAG AGC TAT TAA AGT GAC AGT G
Ocn NM_013414.1 GCT CAACCCCAATTG TGA CG
Collal ~ NM_053304.1 CAT GTT CAG CTT TGT GGA CCT
Opn NM_012881.2 CGG TGAAAG TGG CTGAGTTT
Ppary NM_001145366.1 CCC AAT GGT TGC TGA TTA CA
Apn NM_144744.3 AAA TGT GGA GCC AGG CCTCT
Glut4 NM_012751.1 CGACGGACACCTTCTCTCTT
Mmp2 NM_031054.2 AGG GCA GTG GGATACAGG T
Mmp8  NM_022221.1 CCCTGACCTTCACTGAGACC
Mmpl3  NM_133530.1 GAA ACC TGG ACA AGC AGCTC
Bmp7 NM_001191856.2 GTC TGC TCA GAA GAG GTC GG
lhh NM_053384.1 CTC AGA CCG CGA CCG AAATA
Coll0al XM_001053056.8 CGA TCA TGG AGC TCA CGG AA

GTAACCCGTTGAACCCCATT
TTT GCAGTGTTT TCC GCC AC
GACACCCCTACCCTTGCTTC

CCA TCC AAT CGG TAG TAG CG
TGC AGAAGCTTG CGT TGT TC
TCA CAT TGC TCC TGG TCT GC
GTCACCTCT GGG TCCTTGTTC
AAC AAA CTA GGT TTA GAG TCA TCA AGC
GGG CAA CAC ATG CCCTAAAC
GCA GCT GAC TTC AGG GAT GT
GGC TACAGCATCTGAGTGTTTG
GGA CGCAGG CTCTACTTT GA
ACA CTT GGA GCC AGA CTT GG
AGG GCT AAAGTG CTG CGA G
GCC GTAAGG GAGACACCAG
CAT CAA ATG GAG AAT TGT CACC
GTC CAG ACC GAG GGA GTG

CAC GTCCCT CCCACCTTCA
AAT ACA CCC AGT CGA AGC CG
AGG AGT AGA GGC CGT TCG AT

fluorescence was detected by using BD Accuri C6 (BD
Science). Background fluorescence was subtracted after ana-
lyzing unstained cells and cells stained only with the corre-
sponding isotype controls.

Quantitative reverse transcription—polymerase
chain reaction (qRT-PCR)

To quantitate the multi-differentiation potentials of rat
BM-MSCs and EGPCs, total RNA was extracted from the
cells, and the mRNA levels of various differentiation
markers were measured via qRT-PCR. The list of the prim-
ers used is shown in Table 1. Total RNA was isolated via
the conventional Trizol method (Gibco Invitrogen, CA).
Cells were incubated with Trizol reagent at room tempera-
ture (20°C-30°C) for 5Smin and were collected in
Eppendorf tubes. Then 200 pl chloroform was added to the
cell mixture and incubated on ice for 15 min. The mixture
was centrifuged at 13,000rpm for 15min. The aqueous
supernatant was gently collected and mixed with the same
volume of isopropanol and incubated in ice for 10min.
The RNA sample was centrifuged at 13,000 rpm for 15 min
and the supernatant was discarded. The RNA pellet was
washed with 75% EtOH and air-dried. The transparent
RNA pellet was re-suspended in nuclease-free water. RNA
concentration was measured using Cytation 3, and 1pg
total RNA was converted to cDNA by using the PrimeScript
RT Reagent kit (TAKARA, Japan). qPCR analyses were
performed using the Power Syber Green PCR Master Mix
(ThermoFisher Scientific) with the cDNA samples (1:10
diluted) and 10pmol gene-specific primers. The AACT
value was measured using a Step-One perfect qPCR
machine (ThermoFisher Scientific). The samples were
subjected to the following PCR conditions: denaturation

for 15s at 95 °C, followed by 40 cycles of 30 s denaturation
at 95°C, annealing at 60°C for 1min, and extension at
72°C for 30s.

Western blotting

Chondrogenic, osteogenic, and adipogenic protein expres-
sion in rat BM-MSCs and EGPCs were measured by west-
ern blotting. Total protein was extracted by incubating the
cells in Radioimmunoprecipitation assay (RIPA) buffer.
The protein concentrations were quantified using the
BicinChoninate Acid (BCA) protein assay, and 25ng/ul
protein samples were separated by denaturing 10%
Polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to nitrocellulose membranes. The membranes were
blocked with 5% non-fat skim milk (BD Difco) in Tris-
Buffered Saline (TBS) with 1% Triton X-100 (TBST) for
1h and subsequently incubated with primary antibodies
(1:500-1000 dilution for SOX9, ACAN, COL2AI,
RUNX2, COL1A1, OCN, PPARy, APN, and GLUT4) in
TBST with 5% bovine serum albumin (BSA) overnight at
4°C. The list of the antibodies used is shown in Table 2.
The membranes were washed and then incubated for 2 h at
room temperature with the secondary antibody (goat anti-
mouse or anti-rabbit conjugated to horse radish peroxi-
dase) diluted 1:5000 in TBST with 5% non-fat skim milk.
Immunoreactive bands were detected using E-select
(Amersham™, UK), and images were visualized using the
Bio-Rad Image Lab software.

Co-culture of BM-MSCs with EGPCs

The two chambers of a trans-well were separated by a
semi-permeable membrane with a pore size of 0.4 um (BD
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Table 2. List of primary antibodies used in Western blotting
analysis.

Antigen Type Dilution Manufacturer Catalog number
Sox9 Rbp  1:1000  Novus biologicals NBP[-85551
Acan Rbp  1:1000  Abcam ab36861

Col2al  RbP  1:700 invitrogen PA1-26206
RUNX2 RbM 1:1000  Cell signaling mAb8486S
OCN Rbp  1:1000  millipore ABIO9I1
Collal Rbp 1:700 Abcam ab34710

PPARy  Rbp 1:1000 Abcam ab1948I

APN MM  [:1000 R&D systems MAB3100-SP
GLUT4 Rbp 1:1000 Novus biologicals NBP1-49533

MM: mouse monoclonal; Rbp: rabbit polyclonal; RbM, rabbit monoclo-
nal.

Biosciences). BM-MSCs and EGPCs were cultured in the
upper chamber of the trans-well inserts while the bottom
chamber contained only BM-MSCs. Cells were cultured
and analyzed up to 7 days. Upon completion of the co-cul-
ture, the differentiation of the BM-MSCs in the bottom
chamber was evaluated. Gene-expression levels were
assessed via qRT-PCR.

Bone puncture in an animal model of
osteoporosis

Actotal of 31 female 8 week-old Sprague Dawley Rats were
purchased from Orient Bio, Inc. All the animal experi-
ments were approved by the Institutional Animal Care and
Use Committee of Dongguk University (IACUC-2019-
047-2). Animals were raised at 55%—65% humidity and a
controlled temperature of 20°C-24°C with a light/dark
cycle of 12h/12h. Rats had free access to food and water
ad libitum. After 1 week of stabilization, 31 mice were
subjected to ovariectomy (OVX) procedure. All animals
were anesthetized with a mixture of tiletamine hydrochlo-
ride/zolazepam hydrochloride (Zoletil, 50 mg/kg, Virbac
Laboratories, France) and xylazine (Rompun, 10mg/kg,
Bayer, Korea) in saline. The ovaries of 25 female rats were
removed through a single ventral transverse incision.!*-!3
Injection was performed twice at 2 and 4 weeks after OVX,
respectively. A hole with a diameter of 0.2 mm was made
on the long bones by using a twist drill (Jeung Do Bio &
Plant Co., Seoul, Korea). All the rats were randomly
divided into the following five experimental groups: group
1, sham (n=6); group 2, OVX (n=7); group 3, OVX + 20 ul
hyaluronic acid (HA) hydrogel (Hyruan Plus®, LG life sci-
ences, lksan, Korea) (n=6); group 4, OVX +20ul HA
hydrogel + BM-MSCs (1 X 10° cells) (n=6); and group 35,
OVX + 20 ul HA hydrogel + EGPCs (1 X 10° cells) (n=6).
BM-MSCs or EGPCs with HA hydrogel were injected into
the long-bone cavity by using a 1 ml insulin syringe with a
staked 29-gage needle (Shina Corp., Seoul, Korea). For
multiple injections, groups 3—5 were injected two times at
2 and 4weeks, respectively. And the animals were

sacrificed at 6 weeks after OVX. All rats were sacrificed in
a CO, gas chamber.

Micro computed tomography (CT)

Microstructural change in the femur long bone was evalu-
ated using a Skyscan 1172 Micro-CT (Skyscan, Kontich,
Belgium) 6 weeks after the treatment. The X-ray source was
set to a voxel size of 6.96 um at 59keV and 167 pA. The
exposure time was 440ms with a frame average of three.
X-ray beam filtration made of 0.5 mm aluminum was used.'®
Data were recorded at every 0.4° of the rotation step until
180°. Image slices were reconstructed by using the NRecon
software (Skyscan) based on the Feldkamp algorithm, and
by applying a correction for the beam. The bone mass in the
long bones was chosen as the region of interest (ROI). For
these ROIs, the three-dimensional bone-volume fraction
(BV/TV), trabecular thickness (Tb.Th), bone trabecular
number (Tb.N, 1/mm), bone trabecular separation (Tb.Sp,
mm), and structure model index (SMI) were calculated.'’

Histological analysis

After Micro-CT scanning, the operated femoral long bones
were fixed in 10% Neutral buffered formalin for 72h.
They were then decalcified in 10% nitric acid solution for
24h at 4°C and embedded in paraffin. The embedded sam-
ples were cut into 5um sections by using a microtome
(Leica Microsystems RM2245, Wetzlar, Germany). The
sections were de-paraffinized using xylene and ethanol
and washed with phosphate-buffered saline (PBS). The
sections were stained with Hematoxylin and Eosin,
Safranin-O, Fast Green, or Masson’s trichrome stain to
evaluate the chondrogenic and bone formation. The stained
sections were washed with PBS three times and visualized
using an inverted microscope (Olympus, Japan).

Statistical analysis

The data are representative of three independent experi-
ments with each experiment done in triplicate. Error bars
denote the means = standard deviation (SD) and the differ-
ences with p values <0.05 were considered statistically
significant (ns: not significant, *p <0.05, **p<<0.01,
**%p <0.001). One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used to compare the
mean values among groups. Individual data points and
p-values for significance are indicated in the graph.

Results
Characterization of EGPCs and BM-MSCs

EGPCs were obtained from the femur and tibia (Figure 1).
The EGP was revealed by removing the long-bone head,
called the CAP. Only the cells in the upper part of the EGP
were collected.”!!
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Figure |. Graphical abstract of the isolation of EGPCs from the tibia and femur of rats.

We characterized EGPCs compared to BM-MSCs of
rats. The morphology of EGPCs and BM-MSCs is shown
in Figure 2. BM-MSCs were more elongated than EGPCs,
which appeared more compact and rounder than
BM-MSC:s. The shape of BM-MSCs was defined by long
horizontal structures as a spindle-like shape, whereas
EGPCs tended to have short and blunt shapes as a cobble-
stone-like shape without any horizontal structures (Figure
2(a)). Cell proliferation was measured daily for 7 days via
a CCK-8 kit. Although the morphologies of the two cell
populations were different, the proliferation rates were
similar (Figure 2(b)). When the cell cycle was analyzed
via PI staining followed by flow cytometry, it was con-
firmed that the fractions of cells at the S phase, mitotic
stage indicating cell division, were similar between
EGPCs and BM-MSCs (3.4% and 3.5%, respectively)
(Figure 2(c)).

Immunophenotypic characterization of cell surface
was analyzed to confirm the expression of MSC mark-
ers, such as CD73, CD44, and CD90.2° Also, the SSC
marker CD200 was also analyzed (Figure 2(d)).2"?> The
MSC markers CD73 and CD90 were significantly lower
in EGPCs (CD73: 72.6% and CD44: 96.9%) compared
with BM-MSCs (CD73: 95.7% and CD44: 97.0%).
Interestingly, MSC marker CD90 was detected at very
low level in EGPCs (CD90: 5.2%). However, CD90
expression of BM-MSCs was detected at 88.1%. On the
other hand, the SSC marker CD200 is expressed at a
higher level in EGPCs (41%) than in BM-MSCs (11%).
These results suggest that EGPCs and BM-MSCs have
different characteristics regarding morphological shape
and cellular surface molecule expression, especially
CD200.

Skeletogenic (chondrogenic and osteogenic)
potentials of EGPCs and BM-MSCs

To determine the characteristics of EGPCs, qRT-PCR was
performed to measure the expression levels of various
chondrogenic, osteogenic, and adipogenic gene markers
(Figure 3(a)—(c)). We observed that EGPCs had signifi-
cantly higher mRNA expression levels of the chondro-
genic markers SPY-Box transcription factor 9 (SOX9),
aggrecan (ACAN), and type 2 collagen (COL2A41), and the
osteogenic markers runt-related transcription factor 2
(RUNX2), osteocalcin (OCN), and type 1 collagen (COL1A41)
(Figure 3(a) and (b)). However, as for adipogenesis-specific
markers, the basal expression levels of peroxisome prolifer-
ator-activated receptor gamma (PPARY), and glucose trans-
porter type 4 (GLUT4) were lower in EGPCs than BM-MSCs
and adiponectin (4PN) was not significant (Figure 3(c)).
These results were in line with their protein levels. EGPCs
showed higher protein levels of ACAN, COL2AI,
RUNX2, OCN, and COL1A1 proteins than BM-MSCs
(Figure 3(d) and (e)).

This indicates that the growth plate is comprised of
cells that are more committed to osteo-chondral rather than
to adipogenic lineage. Interestingly, the EGPCs have a
higher expression of the osteo-chondral markers compared
with BM-MSCs which represents a capacity of skele-
togenic differentiation.

Promotion of differentiation and hypertrophy
through the paracrine effect of EGPCs

To evaluate the paracrine effect of EGPCs, co-culture was
performed with BM-MSCs using a trans-well, and gene
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Figure 2. Cellular characterization of EGPCs and BM-MSCs: (a) observation of cell morphology and measurement of cell shape
(length to width ratio), (b) the proliferation rates of EGPCs and BM-MSCs were measured from day | to day 7 by the CCK-8, (c)
cell-cycle analysis of BM-MSCs and EGPCs by using propidium-iodide staining. Quantitation of the cells at each-cycle phase, and (d)
Flow-cytometric analyses for the surface markers on BM-MSCs and EGPCs. Representative flow-cytometry profiles are depicted for
CD73, CD44, CD90, and CD200. Black and red plots represent the negative control and experimental samples, respectively.

expression was compared at 7days (Figure 4(a)). Gene
expression analyses demonstrated that the BM-MSCs co-
cultured with EGPCs induced the higher expression of the
chondrogenic markers SOX9 (6.01 =0.130-fold), ACAN
(6.71 =£0.113-fold), and COL241 (5.19 = 0.887-fold)
compared to BM-MSCs co-cultured with BM-MSCs
(Figure 4(b)). Interestingly, the expression of all chondro-
genic markers in the EGPCs co-culture group was signifi-
cantly high.

We also demonstrated whether EGPCs increase the
expression of osteogenic markers in BM-MSCs through the
paracrine effect, based on the high expression of osteogenic
markers in EGPCs as shown in Figure 3. To investigate this,
we evaluated the expression of osteogenic markers such as
RUNX2, OCN, and COLIA1 (Figure 4(c)). The EGPCs co-
culture group showed a remarkable increase in the expression
of RUNX2 (5.26 = 0.071-fold) and OCN (6.16 = 0.780-fold)
compared to that in the BM-MSCs co-culture group. Due to

the characteristics of skeletogenic stem cells, EGPCs not only
induced differentiation into chondrogenic cells but also
induced osteogenic cells. However, in EGPCs co-culture
group, COLIAI (0.98 = 0.004-fold) showed no significant
increase. Since this data confirmed the induction of differen-
tiation by EGPCs co-culture group in the basal medium, pre-
sumably, strong differentiation could not be induced in a short
period of time. We suggest that a sufficient differentiation
period is required, as COL1A1 is a late differentiation marker
of osteogenesis.

EGPCs via the paracrine effect have been demonstrated
to have skeletogenic related functions but have not identi-
fied characteristics related to adipogenic induction (Figure
4(d)). The EGPCs co-culture group showed a low expres-
sion of PPARy (0.69 = 0.004-fold) and a slight increase of
APN (1.09 = 0.027-fold) and GLUT4 (1.64 = 0.190-fold),
but showed no significant difference from the BM-MSCs
co-culture group.
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(b) Chondrogenic markers in co-cultured BM-MSCs
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Figure 4. In vitro multi-differentiation potential of bone-marrow—derived mesenchymal stem cells (BM-MSCs) by influence of
EGPCs. The establishment of a co-culture trans-well chamber system consisting of BM-MSCs and EGPCs: (a) conceptual diagram of
the co-culture of BM-MSCs and EGPCs. The EGPCs and BM-MSCs were seeded in the upper chamber. BM-MSCs were seeded in
the bottom chamber (trans-well pore size =0.4 um). The differentiation properties of the BM-MSCs in the bottom chamber were
analyzed on days 7. (b—e) On days 7 of the co-culture, the mRNA levels of chondrogenic (SOX9, ACAN, and COL2A1), osteogenic
(RUNX2, OCN, and COLIA1), adipogenic (PPARy, APN, and GULT4) markers, and hypertrophic (MMP2, 8, 13, BMP7, IHH, and
COLI0Al) markers were measured using qPCR. mean = SEM; ns: not significant, *p < 0.05, *p < 0.0/, ***p < 0.001.

Taken together, co-culture study suggests that EGPCs
via paracrine effect can induce chondrogenic or osteogenic
differentiation of surrounding BM-MSCs rather than adi-
pogenic differentiation.

EGPCs co-culture stimulates hypertrophic
change of BM-MSCs

In the later stages of bone development through endochon-
dral ossification, hypertrophic change occurs. This is an

essential process as it contributes to the growth of long
bones and prepares the matrix for vascularization and dep-
osition of new matrix components. We investigated hyper-
trophy-related markers to demonstrate the association of
hypertrophy in endochondral ossification (Figure 4(e)).
The EGPCs co-culture showed an increase in the expres-
sion of matrix metalloproteinase (MMP) family of pro-
teins such as MMP2 (13.35*0.142-fold), MMPS§
(2.10 £ 0.326-fold), and MMP13 (22.76 * 0.832-fold)
compared to that in the BM-MSCs co-culture group.
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Additionally, the expression of markers known to be asso-
ciated with hypertrophy, such as bone morphogenetic pro-
tein 7 (BMP7) (2.28%0.091-fold) and COLI10A1
(1.60 = 0.045-fold) was also significantly higher. Our
results indicated an increase in hypertrophic markers
related to endochondral ossification through the co-culture
of EGPCs.

Overall, based on gene expression analysis, EGPCs
effectively induced the osteogenic and chondrogenic dif-
ferentiation of cells, and promotes hypertrophy of
BM-MSCs. These results revealed that EGPCs could be
utilized to induce the efficient differentiation of BM-MSCs
into functional osteo-chondral progenitor cells.

Effects of EGPCs in bone formation in a rat
model of osteoporosis

To determine the bone regeneration ability of EGPCs,
EGPCs were injected into the long bone of OVX surgery-
induced osteoporosis rat model (Figure 5(a)). This osteo-
porosis model was performed using a routinely used
method. The experimental groups were as follows: posi-
tive control (Sham), negative control (osteoporosis group,
OP), comparison, BM-MSC—treated, and EGPC-treated
groups. The results demonstrated that, compared with
BM-MSCs and EGPCs groups, osteoporosis-induced rats
had a substantially lower trabecular bone volume and
number, thinner trabecular thickness, and wider non-bony
region (Figure 5(b)).

Based on the micro-CT images, de novo bone forma-
tion 6weeks after the OVX surgery was quantitatively
evaluated using many parameters, such as percent bone
volume (BV/TV, %), trabecular thickness (Tb.Th), trabec-
ular number (Tb.N), the number of trabecule in a unit
length), trabecular separation (Tb.Sp, trabecular spacing),
and SMI (Figure 5(c)). The bone parameters were signifi-
cantly different among the osteoporosis, BM-MSC-treated,
and EGPC-treated groups. The percent volume of new tra-
becular bone formation was significantly higher in the
EGPC-treated group than in the BM-MSC—treated group
(15.1% £3.1% vs 6.7% = 2.2%) 6 weeks after the implan-
tation. In addition, trabecular thickness (108.2 =8.5 vs
64.5 £ 12.6 um), trabecular number (0.283 =0.027 vs
0.201 £ 0.066), and SMI (6.16 = 0.45 vs 4.55 = 1.10) were
significantly greater in the EGPC-treated group than in the
BM-MSC-treated group. Trabecular separation, meaning
the non-bony area of the ROI, showed the most similar
results to Sham.

Histological analysis of the bone formation
occurring via endochondral ossification
The EGPCs group showed superior regenerative effects to

the BM-MSCs group based on the results from Hematoxylin
& Eosin, Safranin-O, and Masson & Trichrome staining

(Figure 5(d)). We demonstrated that the sponge-bone
regeneration was confirmed via Masson’s trichrome stain-
ing. When comparing the bone-regeneration potentials,
both the BM-MSCs and EGPCs groups showed significant
bone regeneration compared with the osteoporosis groups.
However, we found higher bone regeneration in the EGPCs
group than in the BM-MSCs group. In the EGPCs group,
sponge-bone regeneration showed the most similar results
to sham. Also, when analyzing the bone regeneration effect
through quantitative analysis of IHC (OCN), the EGPCs
group showed the most similar regeneration ability to sham
(Figure 5(e)). These results concluded that EGPCs could
sufficiently play a biological function in vivo and thereby
could be used for bone regeneration in osteoporosis.

Discussion

The aim of this study was to compare EGPCs and
BM-MSCs, which are known to support bone regenera-
tion, and to suggest the potential of new cell therapy for
osteoporosis in EGPCs. EGPCs contain SSCs, specialized
stem cells that are committed to differentiate into the skel-
etogenic (chondrogenic and osteogenic) lineage. SSCs are
known to have the potential to regenerate superb bone
structures.'®2324 Here, we found that the bone regeneration
potential of EGPCs containing SSCs was superior to
BM-MSCs and determined their capacity as cell therapeu-
tics for osteoporosis. EGPCs have self-renewal ability and
multi-differentiation potency specialized for bone/carti-
lage like BM-MSCs.?* EGPCs via endochondral ossifica-
tion will be an effective cell therapy for bone diseases such
as osteoporosis.

First, as shown in Figure 2, EGPCs had a different
shape from BM-MSCs, but their proliferative ability was
similar. EGPCs had a short and blunt shape as a cobble-
stone-like shape than BM-MSCs (Figure 2(a)). In general,
the morphology of cell phenotypes supports their func-
tion.?’ the BM-MSCs showed typical fibroblast-like mor-
phology as was shown in many previous studies.?® Our
data also showed the fibroblast-like morphology. This
result means that our BM-MSCs have the characteristics of
traditional MSCs. The blunt-shaped morphology of
EGPCs was similar to chondrocytes than fibroblast cells.
This study didn’t analyze the correlation between mor-
phology and function. However, we suggest that the mor-
phology of EGPCs is similar to bone-related cells. While
EGPCs showed similar proliferation capabilities to
BM-MSCs (Figure 2(b) and (c)). Flow-cytometry analysis
showed that EGPCs had fewer populations of cells with
the MSC markers CD73, CD44, and CD90 than BM-MSCs.
However, the expression of CD200 as a SSCs marker in
EGPCs was shown around 40% that is much higher than
that in BM-MSCs (Figure 2(d)). Surface markers are
important indicators of cell types and states, and our obser-
vations imply that EGPCs are cell s containing SSCs and
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Figure 5. In vivo bone regeneration potential of EGPCs in an osteoporosis model: (a) time schedule of in vivo experiment for bone
formation in the osteoporosis model upon injection of EGPCs and BM-MSCs. Rats received OVX-surgery at 9 weeks of age. They
received HA + EGPCs injection on the long bone at 2 and 4weeks after OVX, respectively. After the end of the experiments,
femur was removed and analyzed for micro-CT and bone histo-staining, (b) images of micro computed tomography, demonstrating
the three-dimensional (3D) reconstructed image 2 weeks after the last cell injection, (c) bone histomorphometry of the 3D bone
formation was analyzed in an ROI for all the groups. The plots of the parameters are structure model index (SMI), percent bone
volume (BV/TV, %), trabecular thickness (Tb.Th, um), trabecular number (Tb.N, I/pm), and trabecular separation (Tb.Sp, pm); n=6
animals per group, mean = SEM; ns: not significant, *p << 0.05, *p < 0.0/, **p < 0.001, (d) histological evaluation of a rat femur

6 weeks after induced osteoporosis. Hematoxylin in and Eosin staining (upper panel); Safranin O staining (middle panel); Masson’s
Trichrome staining (bottom panel). In Masson’s Trichrome staining, the blue and red colors indicate recently formed and calcified
bones, respectively, and (e) quantitative analysis of IHC for OCN. A histogram of OCN staining intensity expressed as relative
optical density (ROD) of brown reaction products.
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have a similar lineage to BM-MSCs, but with higher bio-
logical functions. Indeed, the levels of chondrogenic
(SOX9, ACAN, and COL1A1) and osteogenic (RUNX2 and
OCN) markers in EGPCs were significantly higher than
that BM-MSCs (Figure 3(a) and (b)). Contrary to this, the
levels of adipogenic (PPARy and GLUT4) markers were
identified to be similar or lower (Figure 3(c)). Our results
indicate that EGPCs are skeletogenic cells specialized in
bone and cartilage differentiation. This outcome suggests
that EGPCs are a lineage of SSCs and have the potential to
generate high-quality bone and cartilage tissues through
endochondral ossification.?’

Another important factor for bone regeneration is the
surrounding environment. Cell therapy for bone regenera-
tion plays a role in which the injected cells influence the
surrounding cells.!” BM-MSCs inhibit the immune system
and promote cell proliferation to enhance bone regenera-
tion.?®3! In addition, numerous studies have been con-
ducted to prove the hypothesis that enhanced regeneration
and differentiation are achieved through the action of par-
acrine elements in stem cells.3>3* Strikingly, in our co-
culture system, EGPCs affected surrounding cells like
BM-MSCs (Figure 4). EGPCs upregulate the levels of
chondrogenic, osteogenic, and hypertrophic in BM-MSCs
through the paracrine effect. In particular, the significant
increase in the expression of chondrogenic (SOX9, ACAN,
and COL1A1) and osteogenic (RUNX2 and OCN) markers
demonstrated the potential of EGPCs as effective cell ther-
apeutics (Figure 4(b) and (c)). Along with the expression
of chondrogenic and osteogenic markers, hypertrophic
markers demonstrated that EGPCs increased the expres-
sion of markers in endochondral ossification, such as
MMP2, MMP3, MMP13, BMP7, and COL10A41 (Figure
4(e)). This result demonstrates EGPCs are not only able to
differentiate into osteocyte during endochondral ossifica-
tion process, also induce osteogenic differentiation of
BM-MSCs presumably due to paracrine factors. It has
been reported that principal markers such as RUNX2,
COL10, MMP13, BMP, and Indian hedgehog (/HH) in the
hypertrophic region is highly expressed through the endo-
chondral ossification process.’>3 We have discussed
hypertrophic of endochondral ossification in a previous
paper. First, the MMP family including the MMP?2, 3, and
13 degrades the extracellular matrix (ECM) of the carti-
lage and thus induces bone development. Second, BMP is
the major pathway regulating cartilage and bone develop-
ment. Ablation of the type I BMP receptor (BMPR1A)
gene in chondrocytes damages cartilage and bone balance,
indicating that the BMP act at multiple levels during the
bone formation of MSCs. Finally, /[HH induces chondro-
cyte hypertrophy and leads to upregulation of RUNX2-
mediated hypertrophy-related factors, including COL10
and MMP13.* Consequently, we believe that these results
suggest that the upregulation of hypertrophy markers can
induce hypertrophy of chondrocyte to form bones in

endochondral ossification. In addition, in the BM-MSCs
co-cultured with EGPCs group on days 14, it was shown
that gene expression of osteogenic, chondrogenic, and
hypertrophic markers was higher than that in the BM-MSCs
co-cultured BM-MSCs group (Supplemental Figure S1).
In co-culture study confirming paracrine effect, most of
studies have been only focusing on early stage, rather than
long culture period. Several papers reported that indeed
the paracrine effect drastically increases at the early stage,
and the effect decreases as time proceeds.*'*> Although
there was no difference between days 7 and 14 in each
group, the results were clear that co-culture of EGPCs sig-
nificantly increases osteogenic markers in day 7 (Figure 4)
and day 14 (Supplemental Figure S1).

We also quantified and compared cytokines secreted by
EGPCs and BM-MSCs (Supplemental Figure S2). In
EGPCs, Stroma-derived growth factor 1 (SDF-1), regu-
lated on activation, normal T cell expressed (RANTES),
MMP-9, 13, BMP-2, 7, 9, and interleukin-4, 10 (IL-4, 10),
which are cytokines involved in bone induction, were
detected higher than BM-MSCs. In addition, the amount of
cytokines related to chondrogenic differentiation such as
transforming growth factor-f 1, 2, 3 (TGF-B 1, 2, 3), TIMP
metallopeptidase inhibitor-1,2 (TIMP-1, 2), matrilin-3,
and activin A was significantly higher in EGPCs than in
BM-MSCs. Taken together, it was concluded that EGPCs
are able to secret a higher amount of cytokines associated
with bone and cartilage formation compared to BM-MSCs.

The most important factor in this study is whether
EGPCs have effective bone regeneration in the osteoporo-
sis model. We evaluated the bone regeneration capacity of
EGPCs in an osteoporosis model (Figure 5(a)). This experi-
ment showed higher BV/TV, Tb.Th, Tb.N, and SMI ratios
in EGPC-derived bones than in BM-MSC—derived bones
(Figure 5(b) and (c)). Consistent with the micro-CT find-
ings, Masson’s trichrome staining of the histological sec-
tions showed that a larger area of newly formed spongy
bone was achieved with EGPCs than with BM-MSCs
(Figure 5(d) and (e)). Considering all these findings, we
concluded that EGPCs contributed to the high-quality bone
regeneration. Hence, we found that EGPCs, to which the
SSC sub-population is the most committed, can enhance
osteoporosis-induced bone regeneration. However, it has
not been confirmed that EGPCs undergo chondrogenesis
during bone regeneration. Therefore, additional studies are
needed to verify endochondral ossification by EGPCs.

Conclusion

In summary, BM-MSCs are traditionally used cell therapy
for bone regeneration. However, it was less effective in
systemic diseases such as osteoporosis. Therefore, stem
cells specialized for bone/cartilage regeneration such as
SSCs were studied. EGPCs are cells that reside in the rest-
ing zone of EGP and contain SSCs. EGPCs express higher
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chondrogenic and osteogenic markers than BM-MSCs and
have paracrine effects on surrounding cells. Also, EGPCs
showed an effect on bone regeneration. By demonstrating
higher bone regeneration capacity than BM-MSCs, this
study suggests the possibility of EGPCs as cell therapy for
effective bone regeneration.
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