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Abstract

Angiogenesis is a complex, multicellular process that is critical for bone development and generation. Endochondral ossification depends
on an avascular cartilage template that completely remodels into vascularized bone and involves a dynamic interplay among chondrocytes,
osteoblasts, and endothelial cells. We have discovered fibrocartilage stem cells (FCSCs) derived from the temporomandibular joint
(TM]J) mandibular condyle that generates cartilage anlagen, which is subsequently remodeled into vascularized bone using an ectopic
transplantation model. Here we explore FCSC and endothelial cell interactions during vascularized bone formation. We found that
a single FCSC colony formed transient cartilage and host endothelial cells may participate in bone angiogenesis upon subcutaneous
transplantation in a nude mouse. FCSCs produced an abundance of the proangiogenic growth factor vascular endothelial growth factor
A and promoted the proliferation of human umbilical vein endothelial cells (HUVECs). Using a fibrinogen gel bead angiogenesis assay
experiment, FCSC cell feeder layer induced HUVECs to form significantly shorter and less sprouts than D551 fibroblast controls,
suggesting that FCSCs may initially inhibit angiogenesis to allow for avascular cartilage formation. Conversely, direct FCSC-HUVEC
contact significantly enhanced the osteogenic differentiation of FCSCs. To corroborate this idea, upon transplantation of FCSCs into
a bone defect microenvironment, FCSCs engrafted and regenerated intramembranous bone. Taken together, we demonstrate that
the interactions between FCSCs and endothelial cells are essential for FCSC-derived vascularized bone formation. A comprehensive
understanding of the environmental cues that regulate FCSC fate decisions may contribute to deciphering the mechanisms underlying
the role of FCSCs in regulating bone formation.
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Introduction coronoid process, and condyle, are formed using a cartilage
template (Tomo et al. 1997; Ramaesh and Bard 2003).
Mandibular condylar cartilage is marked by growth defined by
cellular zones of maturation, including the fibrocartilaginous
superficial zone, polymorphic zone, maturation zone, and
hypertrophic zone (Shibukawa et al. 2007).

Our lab has discovered that fibrocartilage stem cells
(FCSCs) reside in the superficial zone niche of the temporo-
mandibular joint (TMJ) mandibular condyle (Embree et al.
2016). Using an in vivo xenograft model, we found that trans-
planted FCSCs form transient cartilage anlagen that com-
pletely remodels into trabecular bone-like tissue (Embree et al.

There are 2 distinct classical bone developmental processes
(Erlebacher et al. 1995). Endochondral ossification forms the
axial skeleton, cranial base, and posterior skull, while intra-
membranous ossification forms the flat bones of the skull and
part of the clavicle (Berendsen and Olsen 2015). During intra-
membranous ossification, a condensation of mesenchymal stem
cells accumulates and directly differentiates into osteoblasts
that form new bone (Erlebacher et al. 1995). Comparatively,
endochondral ossification relies on an avascular cartilage tem-
plate that is subsequently remodeled into bone (Kronenberg
2003). During the former, the transition from cartilage to bone
is an intricate, multicellular process that is by and large marked
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2016). Thus, we speculate that FCSCs recapitulate a bone
developmental process similar to endochondral ossification.
Given blood supply is a critical feature that differentiates carti-
lage from bone (Vu et al. 1998; Gerber et al. 1999), here we
explore the relationship between FCSCs and endothelial cells
in vascularized bone formation. A deeper understanding of the
biological and environmental cues that regulate FCSC fate
decisions toward bone may contribute to deciphering the
mechanisms underlying FCSCs’ behavior in disease and in
skeletal repair.

Materials and Methods

Animals

All animal procedures were performed using female athymic
nude mice 6 to 8 wk old (n = 30) and male Sprague Dawley
male rats ages 6 to 8 wk old (n = 8§ rats) with approval from the
Institutional Animal Care and Use Committee (IACUC) at
Columbia University (AC-AAAF503 and AC-AAAF4205).
The 8-wk-old transgenic rat GFP (Marano et al. 2008) tissues
(n = 6 rats) were kindly provided by Dr. Dongming Sun
(Rutgers University, New Brunswick New Jersey, USA).

Cell Isolation and Culture

FCSCs and bone marrow stromal cells were isolated from
Sprague Dawley rats (Embree et al. 2016). Single-cell suspen-
sions were cultured (5% CO,, 37°C) in Dulbecco’s modified
Eagle’s medium (DMEM) (11885-092; Invitrogen) supple-
mented with 20% lot-selected fetal bovine serum (FBS)
(HyClone), glutamax (35050-061; Invitrogen), penicillin-
streptomycin (15140-163; Invitrogen), and 2-mercaptoethanol
(Gibco) for 4 to 6 d. Primary human umbilical vein endothelial
cells (HUVECs) were kindly provided by Dr. Jan Kitajewski
(Columbia University) and maintained on collagen I (Corning)—
coated plates in EGM-2 media (CC-4176; Lonza). Human
D551 fibroblasts (ATCC) were maintained in DMEM (Gibco),
10% heat-inactivated FBS, and penicillin-streptomycin. FCSCs,
bone marrow stromal cells (BMSCs), and D551 fibroblasts
were cultured in EGM-2 until 100% confluent, and conditioned
media (CM) were collected for use in the HUVEC growth curve
and scratch migration assay. For growth curve, HUVECs were
cultured in FCSC-CM, D551-CM, and BMSC-CM. HUVECs
were counted daily for 4 d. HUVEC migration was measured
by an in vitro scratch assay (Liang et al. 2007) using HUVECs
cultured in FCSC-CM, D551-CM, and BMSC-CM. Scratches
were imaged every 4 h for 12 h, and the scratch area was mea-
sured using Olympus cellSens Dimension imaging software.

Histology and Immunohistochemistry

Samples were fixed in 4% paraformaldehyde, decalcified in
ethylenediaminetetraacetic acid (EDTA), and prepared for par-
affin or frozen sections. For immunohistochemistry, sections
were treated with Chondroitinase ABC (C3667-10UN; Fisher)
and immunolabeled with antibodies: CD31 (ab28364, 1:100;

Abcam) and osteocalcin (AB10911, 1:100; Millipore) at 4°C
overnight followed by secondary antibody (A-11010, 1:1000;
Invitrogen). Isotype-matched antibodies were used as negative
controls.

Fluorescence-Activated Cell Sorting Analysis

All cell sorting was performed at the Columbia Center for
Translational Immunology Flow Cytometry Core (CCTI,
Columbia University Medical Center, New York, NY, USA).
BD Influx cell sorter was used to isolate single GFP* FCSCs
into 96-well plates.

RNA Isolation and Quantitative Reverse
Transcription Polymerase Chain Reaction

Total RNA was purified (12183018A; Ambion) and treated
with DNAse [ (AM2222; Ambion). RNA samples (260/280
>1.8) were used to obtain complementary DNA (cDNA)
(AM2222; Bio-Rad). Quantitative reverse transcription poly-
merase chain reaction (qQRT-PCR) was performed using
TagMan Universal PCR Master Mix (4304437; Applied
Biosystems) and predesigned rat primers (Applied Biosystems)
for Bsp (Rn00561414 ml), Ocn (Rn01455285 gl), Runx2
(Rn01512298 ml), Acan (Rn00573424 ml), Fgfl (Rn00689
153 ml), and Vegfa (Rn01511602_m1). Gene expression lev-
els were normalized to housekeeping gene Gapdh (Rn0177
5763 gl*; Applied Biosystems).

Fibrinogen Gel Bead Angiogenesis Assay

Fibrinogen gel bead angiogenesis assay (FIBA) was performed
as described (Nakatsu and Hughes 2008; Tattersall et al. 2016).
HUVECs were transduced with a lentivirus encoding red fluo-
rescence protein (RFP) (Tattersall et al. 2016). Briefly,
HUVEC-coated beads (400 cells/bead) were washed in EGM-2
+ FCSCs and resuspended in fibrinogen solution (Sigma-
Aldrich) (150 beads/500 pL fibrinogen solution). D551 fibro-
blasts or FCSCs served as feeder cells (1 x 10*/well). Olympus
cellSens Dimension software was used to quantify the number
of sprouts/bead, sprout length from the bead base to tip, and
caliber at sprout the midpoint.

Vascular Endothelial Growth Factor A
Enzyme-Linked Immunosorbent Assay

FCSCs (5 x 10*/well) were seeded onto 24-well plates in basal
media with 10% FBS or EGM-2 (CC-4176; Lonza). Vascular
endothelial growth factor A (VEGF-A) was measured in FCSC
cell culture supernatants using enzyme-linked immunosorbent
assay (ELISA) (ab100786; Abcam).

Osteogenesis Co-culture Assay

FCSCs and HUVECs were co-cultured in direct contact at var-
ious FCSC/HUVEC ratios (1:1, 2:1, 1:2) and compared to
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FCSCs alone. The FCSC/HUVEC groups
were seeded using the same initial total
cell number (2 x 10°/well in 24-well
plate) using EGM-2 media and cultured
until confluent. Medium was replaced
with osteogenic induction media (Bi et al.
2007; Embree et al. 2016). Osteogenesis
was evaluated after 1 wk via 2% Alizarin
red S (pH 4.2; Sigma-Aldrich), alkaline
phosphatase assay (ab83369; Abcam),
and qRT-PCR using total RNA derived
from FCSCs and HUVECs.

Transwell Noncontact
Osteogenesis Assay

Transwell Permeable Supports (Transwell
3470; Corning) were used for the para-
crine, noncontact FCSC/HUVEC co-cul-
ture assay. HUVECs were seeded onto
Transwell Permeable inserts and FCSCs
were seeded into the well beneath the
insert in a 24-well plate using a 2:1 or 1:1
ratio of FCSC/HUVECs with the same
total cell density (3.75 x 10°/well) and
compared to FCSCs cultured alone (1:0).
Cells were cultured at a density that
ensured FCSC confluency in 1 d followed
by culture in osteogenic media for 8 d.
gqRT-PCR using total RNA derived from
rat FCSCs was used to assess FCSC
osteogenic differentiation.

Ectopic Transplantation

FCSCs or single-cell colonies (2.0 x
10%) were seeded onto a collagen sponge
(12 x 12 x 3 mm; 1690ZZ; Helistat) and
transplanted onto the dorsum of female,
athymic nude mice (Harlen Athymic
Nude-Foxn1™). Transplants were har-
vested after 4 wk (n=6) and 8 wk (n =28
mice) for analysis.

Calvarial Defect Model

To create the calvarial defect, periosteum
was removed, and a 4-mm defect was
made in the parietal bone of female athy-
mic nude mice (Harlen Athymic Nude-
Foxnl™) using a trephine bur while
maintaining dura mater and excluding
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Figure |. Heterogeneous fibrocartilage stem cells (FCSCs) self-organize into vascularized
bone-like tissue in a xenograft model at 8 wk. (a) Schematic demonstrating FCSC transplantation
experiment. FCSCs were isolated from rat temporomandibular joint (TM]) superficial zone

(SZ) tissue, digested, expanded, seeded onto a collagen sponge, and transplanted on dorsum of
nude mice for 8 wk. Transplanted collagen sponge with no cells served as a negative control.

(b) Superior view of collagen sponges after 8 wk showed that FCSC transplants recruited blood
vessels. (c) Representative hematoxylin and eosin (H&E) staining of FCSC transplants after 8 wk
showed FCSCs spontaneously generated vascularized bone-like tissue. Black dashed box is shown
in higher magnification on the right. Scale bar = 100 pm. (d) Immunohistochemistry for CD31
showed the presence of endothelial cells and new blood vessel-like formation. Green dashed box
is shown in higher magnification on the right. Scale bar = 100 pm.

suture. Collagen sponges (4 x 4 x 1.5 mm) seeded with GFP"
FCSCs (2.0 x 10%) or no cells were transplanted into the defect.
Transplants were analyzed after 4 wk (n = 8 female mice) and
8 wk (n =8 female mice).

Statistical Analysis

All statistics were calculated using Prism 6 (GraphPad
Software). The statistical significance between 2 groups was
determined using the paired Student’s ¢ test assuming Gaussian
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time point, representing peak bone for-
mation (Embree et al. 2016) (Fig. 1a).
Collagen sponges with no cells were
transplanted in the contralateral flank as
a control. After 8 wk, blood vessels were
observed on the surface in 7 of 8 colla-
gen sponges with FCSCs, which was not
observed in controls (Fig. 1b). FCSCs
generated bone and organized a bone
marrow—like niche (7/8 sponges; Fig.
lc) lined with CD31" endothelial cells
(Fig. 1d, red). These data suggest that
FCSCs may either form de novo blood
vessels or recruit host cells to undergo
angiogenesis.

A critical factor regulating cartilage
remodeling into bone is new blood ves-
sel formation (Descalzi Cancedda et al.
1995; Vu et al. 1998; Gerber et al. 1999;
Hattori et al. 2010). We hypothesized
that FCSCs recruit host endothelial cells
to support FCSC transition from carti-
lage to bone at the 4-wk time point. To
distinguish donor FCSCs from host
cells, FCSCs were isolated from GFP

rats (Marano et al. 2008). Fluorescence-
activated cell sorting (FACS) was used

Figure 2. A single fibrocartilage stem cell (FCSC) supports host blood vessel formation during
transition from cartilage to bone in xenograft model at 4 wk. (a) Schematic showing single FCSC
isolation. Heterogeneous GFP* FCSCs were derived from the temporomandibular joint (TM])
superficial zone (SZ) tissue from a GFP transgenic rat. GFP* FCSCs were expanded in vitro and
fluorescence-activated cell sorting (FACS) was used to plate a single cell/well into a 96-well plate.
A total of 17 single-cell colonies were expanded over passages 2 to 3, seeded onto a collagen
sponge, and surgically transplanted subcutaneously on the dorsum of nude mice for 4 wk. (b)
Representative hematoxylin and eosin (H&E) stain of 2 of 17 xenografts at 4 wk showing transition
to vascularized bone-like tissue at 4 wk. Scale bar = 50 ym. (c) Immunohistochemistry of CD31
(red) shows new blood vessel formation (arrows) surrounded by GFP* FCSCs. (d) Orange dashed

to isolate 17 single-cell colonies of GFP*
FCSCs that were expanded, seeded onto
a collagen sponge, and transplanted sub-
cutaneously on the dorsum of nude mice
(Fig. 2a). The FCSC xenograft vascular
phenotype was analyzed at 4 wk, a time
point representing the peak transition of
cartilage to bone (Embree et al. 2016). A

box is shown in higher magnification on the right. Scale bar = 50 pm and 25 pm, respectively.

distribution. The normality of distribution was confirmed using
the Kolmogorov-Smirnov test, and the resulting 2-tailed
P value <0.05 was regarded as a statistically significant differ-
ence. Among 3 groups, 1-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used. For multiple com-
parisons, a 2-way ANOVA followed by Tukey’s post hoc or
Bonferroni’s post hoc test was used.

Results

FCSCs Self-Organize into Vascularized
Bone-Like Tissue

We have previously shown that FCSCs isolated from the super-
ficial zone of the TMJ condyle self-organize into cartilage and

total of 15 clones did not form cartilage

or bone upon transplantation, thereby
demonstrating the cell population heterogeneity. GFP* FCSCs
surrounded CD31" endothelial cells, forming a blood vessel—
like lumen (Fig. 2b—d). These data suggest that FCSCs recruit
host endothelial cells to the transplant site, and angiogenesis
may be a critical process that drives the transition of FCSC-
derived cartilage into bone.

FCSCs Induce Proliferation of HUVECs

The in vivo xenograft model suggested that upon transitioning
from cartilage to bone at the 4-wk time point, FCSC-derived
chondrocytes and/or FCSC-derived osteoblasts might provide
cues to support angiogenesis. Given the proangiogenic factor
VEGF-A is highly expressed in hypertrophic chondrocytes and
is critical for vascular bone formation (Zelzer et al. 2004; Duan
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et al. 2015), we performed ELISAs
to measure VEGF-A in the condi-
tioned media collected from FCSCs.
At 100% confluency, VEGF-A lev-
els were 4-fold and 40-fold higher
in FCSC-conditioned media relative
to 10% FBS and EGM, respec-
tively (Appendix Fig. 1), suggest-
ing that FCSCs in culture may be
proangiogenic.

Angiogenesis is a complex process
that can be modeled in vitro using a
FIBA (Nakatsu and Hughes 2008). In
the FIBA experiment, HUVECs are
bound to collagen-coated dextran
beads and embedded in a fibrin clot,
and the D551 fibroblast feeder layer
provides angiogenic cues to induce
HUVECs to form capillary lumen—
containing structures (Nakatsu and
Hughes 2008). Given FCSCs express
VEGF-A (Appendix Fig. 1), we evalu-
ated whether FCSCs could substitute
D551 fibroblasts and promote angio-
genesis in the FIBA. To distinguish
HUVECs from FCSCs, a lentivirus
encoding red fluorescence protein
(RFP) was used to label HUVECs
(Tattersall et al. 2016). After 4 d,
HUVEC sprouting was not observed
in the absence of a feeder layer (Fig.
3a). Relative to D551 fibroblasts, the
FCSC feeder layer induced HUVECs
to form a significantly lower number
of sprouts with decreased length and
uniform caliber (Fig. 3a—d). Although
FCSCs express VEGF-A, they pro-
moted angiogenic sprouting that was
significantly less robust than that
observed with D551 fibroblasts.

The FIBA requires both HUVEC
proliferation and migration that is
promoted by VEGF-A; thus, we
determined the effects of FCSC-CM
on HUVEC growth and migration.
FCSC-CM was compared to condi-
tioned media from D551 fibroblasts
(D551-CM) as a control and also to
conditioned media from BMSC-
CM, well-established bone-forming
cells (Bianco and Robey 2015). To
evaluate cell growth, HUVECs
were seeded at subconfluency and
maintained in different condition

medias for 4 d. FCSC- CM induced a significant increase in the
number of HUVECs relative to D551- CM and BMSC-CM
(Fig. 3g). Using a scratch assay, there was no difference in
HUVEC migration between FCSC-CM compared to D551-CM
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Figure 3. Fibrocartilage stem cells (FCSCs) induce proliferation of human umbilical vein endothelial
cells (HUVEC:), and direct FCSC-HUVEC association increases vessel caliber. FCSCs’ ability to support
angiogenesis was evaluated in vitro using a fibrin-induced bead angiogenesis assay (FIBA). HUVECs
were transduced with a lentivirus encoding red fluorescence protein (RFP). HUVEC-coated beads were
embedded in fibrin gel using either D551 fibroblasts or FCSCs as a cell feeder layer. (a) Representative
images of beads with HUVEC sprouts from FIBA. Scale bar = 50 pm. CellSense Imaging Software was
used to quantify the (b) number of sprouts per bead, (c) vessel length, and (d) vessel caliber. Data
represented are mean * SD; n = 4 experiments; paired Student’s t test. (e) Growth curve of HUVECs
cultured in conditioned media (CM) derived from fibrocartilage stem cells (FCSC-CM), D551 fibroblasts
(D551-CMs), or bone marrow stromal cells (BMSC-CM). Data are mean * SD; n = 6 experiments;

*P <0.03, ¥P < 0.002, ¥**P < 0.0002, ****P < 0.0001; 2-way analysis of variance followed by Tukey’s post
hoc test. (f, g) The effect of direct HUVEC-FCSC contact was investigated in a FIBA experiment where
HUVEC-coated beads were embedded + FCSCs within the fibrin clot. CellSense Imaging Software was
used to quantify the (f) vessel caliber. (g) Sequential confocal microscopic images of FIBA experiment
with direct HUVEC-FCSC contact showing GFP* FCSC (green) localized to the luminal side of blood
vessels derived from HUVEC:s (red).

(Appendix Fig. 2). While FCSCs produce robust VEGF-A,
other FCSC-derived factors may be contributing to HUVEC
behavior (Sivaraj and Adams 2016). Taken together, these data
suggest that indirect FCSC and HUVEC interactions have no
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FCSCs + HUVECs

=

HUVECs Enhance
Osteogenic
Differentiation of
FCSCs

Given endothelial cells pro-
mote osteogenesis of BMSCs
(Villars et al. 2000), we deter-
mined the effects of HUVECs
on FCSC osteogenesis. FCSCs
and HUVECs were mixed
together at varying ratios in
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Figure 4. Human umbilical vein endothelial cells (HUVECs) enhance osteogenic differentiation of fibrocartilage
stem cells (FCSCs). (a) Alizarin red staining of a calcium deposition assay with varying ratios of FCSCs and
HUVEC:s co-cultured in osteogenic media for 2 wk. (b) Alizarin red staining was quantitated at an absorbance

of 405 nm. Data are mean * SD; n = 4 experiments; *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001; 2-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test. (c) Alkaline phosphatase assay with various
concentrations of FCSCs and HUVECs co-cultured in osteogenic media for | wk. Data are mean * SD; n =

3 experiments; *P < 0.05, **P < 0.01, *¥**P < 0.001, ****P < 0.0001; 2-way ANOVA followed by Tukey’s post

hoc test. (d) Quantitative reverse transcription polymerase chain reaction of FCSCs and HUVECs co-cultured

in various proportions in osteogenic media for | wk. Data are normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and mean fold change relative to FCSCs alone + SD; n = 3 experiments; *P < 0.05; ***P

suspension and cultured toge-
ther using the same cell num-
ber in osteogenic media for 1
wk (Fig. 4). A 2:1 ratio of
FCSC/HUVEC had a signifi-
cantly higher calcium deposi-
tion than FCSCs alone in the
Alizarin red assay (Fig. 4a,
b). Consistent with this find-
ing, the 2:1 ratio of FCSCs/
HUVECs showed an increase
in alkaline phosphatase activ-
ity, as well as expression of
rat Bsp and Ocn transcripts
using total RNA from mixed
cultures (Fig. 4c, d). Conversely,
HUVEC:s significantly inhib-
ited the expression of the carti-

<0.001; 2-way ANOVA followed by Tukey’s post hoc test.

impact on HUVEC migration and impede angiogenesis. Thus,
FCSCs’ role in inhibiting angiogenesis may be a critical feature
that allows FCSCs to initially form avascular cartilage as
opposed to vascularized bone.

Direct FCSC-HUVEC Association Increases
Vessel Caliber

In the FCSC xenograft model, GFP* FCSCs were observed
adjacent to CD31+ vessels (Fig. 2d). To mimic the in vivo con-
ditions, we embedded FCSCs in the fibrin clot to evaluate their
effect on angiogenesis in the FIBA experiment (Fig. 3f, g).
After 4 d, addition of FCSCs to the fibrin clot correlated with a
significant increase in the vessel caliber (Fig. 3f). Furthermore,
GFP" FCSCs were found to be closely associated with RFP-
HUVECs in lumenized vessels (Fig. 3g). These data suggest
that upon direct contact with HUVECs, FCSCs may function
similar to perivascular cells to promote vessel lumenization
and maturation (Tattersall et al. 2016). Thus, when FCSCs dif-
ferentiate into bone and directly contact HUVECs, FCSCs may
function to stabilize the blood vessels critical for bone mainte-
nance and survival.

lage transcription factor Sox9 in

FCSCsata 1:2 and 2:1 FCSCs/

HUVEGC:S ratio (Appendix Fig.
3). Together, these data suggest that FCSCs in direct contact with
HUVECs have a higher osteogenic potential in comparison to
FCSC:s alone.

To examine whether HUVECs could induce FCSC osteo-
genesis through the secretion of noncontact-dependent para-
crine factors, we cultured HUVECs on permeable Transwell
membrane inserts and seeded FCSCs beneath inserts in osteo-
genic media for 8 d (Appendix Fig. 4). The expression of bone-
related genes Runx2, Bsp, and Ocn was not significantly
changed in FCSCs cultured with HUVEC-coated Transwells
relative to FCSCs alone (Appendix Fig. 4). These data suggest
that secreted factors produced by HUVECs were not sufficient
to promote FCSC osteogenesis; thereby, HUVECs require
direct contact with FCSCs to promote their osteogenic differ-
entiation. Thus, in the absence of direct HUVEC contact,
FCSCs may likely generate avascular cartilage as opposed to
vascularized bone.

Transplanted FCSCs Engraft and Repair
a Calvarial Bone Defect

Given the micro-environment niche is critical for determining
stem cell fate specification (Bi et al. 2007) and direct FCSC
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a mouse calvarial critical size defect model
(Aalami et al. 2004) (Fig. 5a). Unlike our
xenograft model (Embree et al. 2016), after
4 wk, no cartilage phenotype was observed
(not shown). After 8 wk, gross macroscopic
and radiographic analyses revealed bone-
like tissue formed within the defect trans-
planted with FCSCs that was GFP' and
radiopaque (Fig. 5b). Calvarial defects trans-
planted with cell-free sponges showed no
bone-like tissue formed (Fig. 5c). GFP'
FCSCs differentiated and formed de novo bone
(DB) that expressed osteocalcin (OCN) (green
box, Fig. 5d—f). At the periphery of the
defect GFP" FCSCs, engraftment into the
host bone (HB) was observed within the
lacunae of DB (orange box, Fig. 5d, e, g).
Immunohistochemistry showed that CD31"
cells localized at the periphery of the FCSC
engraftment area (white arrows, Fig. 5Sh),
suggesting that FCSCs’ integration is cou-
pled with endothelial cell recruitment. These
data show that FCSCs transplanted into a vas-
cularized bone niche promotes FCSCs to self-
organize into vascularized bone-like tissue.

Discussion

We demonstrate that heterogeneous FCSCs
and 2 of 17 single FCSC clones formed vascu-
larized bone-like tissue using an in vivo
xenograft transplantation model. FCSCs are
a heterogeneous population, and it is likely
only a fraction of cells represents true stem/
progenitor cells. To isolate FCSCs, we
digested superficial zone tissue and expanded
colony-forming cells using no specific iden-
tifying markers. We have previously shown
that FCSCs expressed cell surface markers
(Embree et al. 2016) similar to loosely
defined, mesenchymal stem cells (MSCs)
(da Silva Meirelles et al. 2006; Dominici et
al. 2006; Pittenger et al. 1999). However,

novo bone; HB, host bone; CS, collagen sponge).
(e=g) Immunohistochemistry showed donor GFP*
FCSCs engrafted into a host calvarial bone defect
and formed de novo bone (GFP, osteocalcin®).
Green = FCSCs; red = osteocalcin; blue = DAPI.
(h) Immunohistochemistry showed host CD31*
endothelial cells localized at the periphery of newly
formed bone. Green = FCSCs; red = CD31.
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Figure 5. Transplanted GFP" fibrocartilage stem cells engraft and repair calvarial bone
defect. (a) Schematic of GFP" fibrocartilage stem cell (FCSC) transplantation experiment in

a mouse calvarial defect model. (b) Superior view of nude mouse parietal bone (PB) defect
(defect = yellow dashed circle; FB, frontal bone; OB, occipital bone) with transplanted GFP*
FCSCs seeded onto a collagen sponge. FITC microscopy and radiographs demonstrated GFP*
FCSCs and radio-opaque tissue formed within transplants in the calvaria defect. (c) Superior
view of the nude mouse calvarial bone defect model transplanted with empty sponge negative
control. (d) Coronal hematoxylin and eosin (H&E) sections of FCSC xenografts (DB, de
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studies have shown these markers to be exhaustively expressed
in MSCs derived from multiple types of connective tissue (da
Silva Meirelles et al. 2006), such as skeletal muscle and pla-
centa, which share little functional capacity and dissimilar
developmental origin from TMJ-derived FCSCs (Chai et al.
2000). Thus, it is unlikely that classical MSC markers provide
any significant specificity or function for FCSCs. Moreover,
the existence of a common, ubiquitous MSC is impossible
given well-established developmental biology norms (Bianco and
Robey 2015; Sacchetti et al. 2016; Robey 2017). To fully under-
stand the regulation of TMJ-derived FCSC function and behavior,
it is imperative that we identify specific maker/markers for
FCSCs.

Unlike broadly defined MSCs (Pittenger et al. 1999;
Dominici et al. 2006), BMSCs are like FCSCs (Embree et al.
2016) given both cell types demonstrate a more rigorous, func-
tional capacity to form heterotopic bone and organize a hema-
topoietic microenvironment in vivo at a single cell level
(Sacchetti et al. 2007; Bianco and Robey 2015; Robey 2017).
While sharing this property, it is unlikely that FCSCs are the
same cell as BMSCs based on their different developmental
origin (Chai et al. 2000; Berendsen and Olsen 2015) and niche
(Sacchetti et al. 2007; Embree et al. 2016). In addition, a key
functional difference between FCSCs and BMSCs is the sponta-
neous formation of FCSC-derived cartilage anlagen in our
ectopic transplantation model (Embree et al. 2016). Thus,
unlike BMSCs, which have to be coerced to form cartilage
(Serafini et al. 2014), FCSCs are innately programed to gen-
erate cartilage (Embree et al. 2016).

We speculate that the inherent capacity of FCSCs to form
cartilage contributed to the delay of angiogenesis in our ectopic
xenograft model and to the less robust sprouts in our FIBA
experiment. Given proliferating chondroblasts and chondrocytes
inhibit angiogenesis through factors such as Chondromodulin-I,
Tenomodulin, and Sox-9 (Bi et al. 1999; Shukunami and Hiraki
2007; Hattori et al. 2010), it is plausible that as FCSCs differ-
entiate into chondrocytes, angiogenesis is inhibited and/or
delayed. Thus, the secretion of antiangiogenic factors may
allow FCSCs to initially form cartilage in our transplantation
model. Conversely, terminally differentiated hypertrophic
chondrocytes promote angiogenesis through hypoxia-induc-
ible factor 1 (HIF) and VEGF signaling (Carlevaro et al. 2000;
Schipani et al. 2009; Sivaraj and Adams 2016). In corrobora-
tion of this idea, FCSC-derived cartilage transitioned into vas-
cularized bone-like tissue at 4 wk following transplantation.
Moreover, FCSCs cultured at full competency secreted an
abundance of VEGF-A, and FCSC-CM induced proliferation
of HUVECs.

Finally, we showed that direct FCSC-HUVEC contact
enhanced differentiation of FCSCs into osteoblasts, while
FCSCs with no HUVEC contact showed no increase in osteo-
genesis. These data suggest that direct FCSC-HUVEC interac-
tion provides the cues to switch FCSCs’ fate from cartilage to
bone instead. In support of this idea, we showed that FCSCs
transplanted directly into a vascularized bone defect bypassed
forming cartilage anlagen and instead engrafted and formed

intramembranous bone. Thus, within the vascularized bone
niche, FCSCs’ access to directly interact with endothelial cells
promotes FCSC fate decisions toward bone. Endothelial cell
notch activity may mediate FCSC-derived bone formation
(Ramasamy et al. 2014). Direct FCSC-HUVEC association
also led to an increase in vessel caliber, where FCSCs sur-
rounded lumenized blood vessels. Thus, FCSCs may function
to stabilize new blood vessels in FCSC-derived bone (Tattersall
etal. 2016). Taken together, we show that the interplay between
FCSCs and endothelial cells plays a dynamic and complex role
in mediating FCSC-derived bone formation.
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