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ABSTRACT

Purpose: Human dedifferentiated fat (hDFAT) cells are thought to be a promising cell source
for cartilage regeneration therapy. Nevertheless, the responses of hDFAT cells to bone
morphogenetic proteins (BMPs) are still unclear. Here, we elucidated the effects of BMP-4 on
the mRNA expression of early chondrogenic markers in hDFAT cells under monolayer or
pellet cell culture conditions.
Materials and methods: Monolayer and pellet cell cultures of hDFAT cells were grown with
control medium or chondrogenic medium (CM) with or without BMP-2, BMP-4, or BMP-7.
Real-time polymerase chainreaction was used to analyze the mRNA expression levels of nine
genes: chondrogenic markers, i.e.,, SOX9, SOX5, SOX6, aggrecan, type 2 collagen, type 10
collagen, and matrix metalloproteinase (MMP) 13; type 1 collagen; and MMP3. The BMP
signaling inhibitor dorsomorphin was used to verify the mechanisms of BMP-4-induced
chondrogenesis.
Results: Recombinant BMP-4 (100ng/mlL) increased the expression of SOX9, SOX6, and
aggrecan mRNAs in monolayer cells compared with thatin cells treated with BMP-2 or BMP-7
on day 3. Chondrogenically differentiated hDFAT cells induced by CM containing BMP-4
showed higher expression of eight genes (excluding SOX5) in monolayer cultures and nine
genes (including SOX5) in pellet cultures compared with those in control medium on day 14.
Dorsomorphin attenuated the effects of BMP-4.
Conclusion: These results showed that BMP-4 had the potential to modulate the early
chondrogenesis of hDFAT cells under both monolayer and pellet cell culture conditions.
© 2016 Elsevier Ltd and The Japanese Orthodontic Society. All rights reserved.
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1. Introduction

Injuries and congenital morphological anomalies of cartilage,
such as cleft lip and palate, cause deleterious effects on facial
morphology and decrease the quality of life of patients [1,2].
Currently, autocartilage, bone grafts, and synthetic materials
have been used as conventional reconstructive materials for
the treatment of such diseases [1,2]. However, these materials
have potential disadvantages, such as lack of durability,
absorption, calcification, and inflammation [1]. Regenerative
therapy using stem cells has attracted much attention as a
prospective method to supply chondrocytes [1], which might
be beneficial in the management of the above diseases.

Dedifferentiated fat (DFAT) cells exhibit a fibroblastic cell
shape and can be obtained from mature adipocytes using
ceiling [3] and gel culture techniques [4]. Similar to bone
marrow-derived mesenchymal stem cells (BMSCs) [5] and
adipocyte-derived stem cells (ADSCs) [3], DFAT cells can
differentiate into multiple lineages, such as osteoblasts [3,6-
14], adipocytes [3,14], myocytes [13-16], endothelial cells [17],
and chondrocytes [3,18,19], under specific cell culture con-
ditions in vitro. Although DFAT cells and ADSCs are isolated
from the same fat tissues, DFAT cells differentiate into
osteoblasts much earlier than BMSCs and ADSCs |[8,20].
Moreover, these cells exhibit higher adipogenic efficiency
[21]. Despite these advantages of hDFAT cells for regenerative
therapies, application of hDFAT cells in cartilage regeneration
has not been extensively investigated, and the chondrogenic
differentiation process in these cells has not been fully
elucidated.

Chondrogenic differentiation of BMSCs and ADSCs in vitro
has been widely investigated to obtain chondrocyte by
application of a variety of growth factors and synthetic
glucocorticoid [22-26]. In particular, combinations of trans-
forming growth factor (TGF)-B3, and other growth factors,
such as basic fibroblast growth factor (bFGF) and insulin-like
growth factor (IGF), are potent cocktails that can enhance the
chondrogenic differentiation of mesenchymal stem cells
(MSCs) [22]. Similar to these growth factors, bone morphoge-
netic proteins (BMPs) are known to stimulate chondrogenesis
in MSCs in vitro [22,27,28]. BMP-4 enhances cartilage formation
and regulates chondrogenic differentiation in adult stem cells
[28]. Nevertheless, little information is available regarding the
effects of BMPs on the early chondrogenic differentiation of
hDFAT cells in vitro.

Given the similarity of DFAT cells to BMSCs and ADSCs in
terms of multipotency, we hypothesized that the recombinant
BMP-4 could also be an effective stimulant for modulating the
chondrogenic differentiation of hDFAT cells, which could be
applicable in preparing DFAT-derived chondrocytes for stem
cell-based cartilage regeneration. Toimprove our understating
of the mechanisms of chondrogenic differentiation in hDFAT
cells in vitro, we investigated the mRNA expression profiles of
monolayer and pellet cell cultures of hDFAT cells undergoing
chondrogenic differentiation using chondrogenic medium
(CM) containing BMP-4 in vitro. BMP-2 and BMP-7 were also
used to compare the early chondrogenic capability of BMP-4.
Dorsomorphin (DM), a specific BMP signaling inhibitor, was

applied to verify the mechanisms underlying the chondro-
genic differentiation of hDFAT cells treated with BMP-4.

2. Materials and methods
2.1. Reagents

Recombinant hTGF-33, bFGF, hBMP-2, and hBMP-7 were
purchased from PeproTech (Rocky Hill, NJ, USA). L-proline, L-
ascorbic acid 2-phosphate, dexamethasone, and DM were
purchased from Sigma (St. Louis, MO, USA). BMP-4 was
obtained from HumanZyme (Chicago, IL, USA). ITS-premix
was purchased from Corning Inc. (NY, USA).

2.2.  Isolation and culture of hDFAT cells

This study conformed to the tenets of the Declaration of
Helsinki, and the protocol was approved by the ethics
committees of Osaka Dental University and Amagasaki Chuo
Hospital (approval numbers: 110760 and 110790). The hDFAT
cells used in the present study were prepared using the ceiling
culture technique [3,18]. Briefly, fat tissues were obtained from
a healthy 63-year-old man who underwent oral and maxillo-
facial surgery. Isolated mature adipocytes contained in the fat
tissue were seeded into a converted culture flask completely
filled with growth medium. The floating adipocytes attached
to the inner ceiling of the flask. One week later, the flask was
inverted to remove the residual mature adipocytes. Fibroblast-
like cells attached to the bottom surface were designated DFAT
cells. Surface markers of the original cells have been evaluated
using fluorescence-assisted cell sorting (FACS): CD90 and
CD105 were regarded as positive, while CD34 and CD45 were
regarded as negative [18]|. These surface markers showed
tendencies similar to those of surface markers on DFAT cells
reported in previous studies [3,21]. The isolated DFAT cells
were maintained in the medium, consisting of Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) with 10%
fetalbovine serum (FBS) and antibiotics in an incubator at 37°C
with 5% CO,. The cells were used at passages 6-9. Images of cell
morphology were obtained using an optical microscope (IX70;
Olympus, Tokyo, Japan).

2.3.  Chondrogenic differentiation

To compare the effects of BMPs on early chondrogenic
differentiation of hDFAT cells, we stimulated the cells by
using control (CNTL) medium or using CM without or with
different concentrations of BMPs (Fig. 1). For monolayer cell
cultures, hDFAT cells were seeded at 1.5 x 10%*cells/cm? in 24-
well plates and were cultured in CNTL medium, consisting of
DMEM with 1% FBS, antibiotics, and 5ng/mL bFGF. From one
day after cell seeding, the cells were cultured in CNTL medium
or CM with or without 10 or 100ng/mL BMPs for up to 14 days.
CM consisted of CNTL medium with 10ng/mL TGF-33, 40.g/
mL 1-proline, 1xITS premix, 15uM L-ascorbic acid 2-phos-
phate, and 100nM dexamethasone. The media were changed
at every 3-4 days. For the pellet culture, hDFAT cells were
seeded at 100x10* cells/tube in cryotubes (Thermo Fisher
Scientific Inc., MA, USA) and were cultured in 1mL CNTL
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Fig. 1 - mRNA expression profiles of monolayer hDFAT cells undergoing chondrogenic differentiation for 3 days. Cells were
treated with or without chondrogenic medium for 3 days. CNTL: control medium; CM: chondrogenic medium; BMP: bone
morphogenetic protein; SOX: SRY-box; ACN: aggrecan; COL: collagen; MMP: matrix metalloprotease. Parentheses after BMPs:
concentrations of BMPs (ng/mL). Cells were seeded at 1.5 x 10* cells/cm? and treated with CNTL medium, CM, or CM + BMPs for 3
days. a: P<0.05, CM vs CM+BMP-4 (10 or 100ng/mL); b: P<0.05, CM vs CM+BMP-7 (10 or 100ng/mL); c: P<0.05, CM+BMP-4
(100ng/mL) us others (ANOVA with Scheffe test). The bar graphs show means with standard deviations (SDs; n=3). N.D.: data not

available.

medium. From one day after cell seeding, the cells were
cultured in CNTL medium or CM with 100ng/mL BMP-4 for up
to 14 days. Half of the medium was exchanged every 3-4days to
avoid removal of the pellet and to add fresh medium.

2.4.
(9PCR)

Quantitative real-time polymerase chain reaction

On day 3 and day 14, total RNA was isolated using an RNeasy
MiniKit (Qiagen Inc., Valencia, CA, USA). Reverse transcription
was carried out using Transcriptor Universal cDNA Master mix
(Roche Diagnostics, Mannheim, Germany). mRNA levels of
chondrogenic markers and other genes were evaluated by
gPCR using TagMan Gene Expression Assays (Thermo Fisher
Scientific Inc.) and Step One Plus PCR system (Thermo Fisher
Scientific Inc.). The assay IDs of TagMan Gene Expression
Assays and the accession numbers for each gene are as
follows: SRY-box 9 (SOX9), Hs01001343_g1, NM_000346.3; SOXS5,
Hs00753050_s1, NM_001261414.1; SOX6, Hs00264525_m1,
NM_001145811.1; collagen type 2 alpha 1 (COL2A1),
Hs00264051_m1, NM_033150.2; collagen type 1 alpha 1

(COL1A1), Hs00164004_m1, NM_000088; aggrecan (ACN),
Hs00202971_m1, NM_013227.3; collagen type X alpha 1
(COL10A1), Hs00166657_m1, NM_000493.3; matrix metallopro-
teinase 3 (MMP3), Hs00968305_m1, NM_002422.3; and MMP13,
Hs00233992_m1, NM_002427.3. The glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene was used as an internal
standard (human GAPDH endogenous control; Thermo Fisher
Scientific Inc.). The PCR cycling conditions were as follows:
2min at50°C, 20s at 95°C, and 45 cycles of 1s at 95°C and 20s at
60°C. The signals were normalized to the GAPDH signal. mRNA
expression levels were calculated using the comparative CT
method.

2.5.  Immunostaining

On day 14, cells in the monolayer culture were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS), fol-
lowed by incubating with primary antibodies (SAB 4500662 for
aggrecan and SAB 4500366 for collagen 2; Sigma-Aldrich)
produced in rabbits. Secondary antibody staining was per-
formed using a VectaFluor Excel Amplified Fluorescent
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Fig. 2 - mRNA expression profiles (A) and immunostaining (B) of monolayer hDFAT cells undergoing chondrogenic
differentiation for 14 days. CNTL: control. CM: chondrogenic medium. (A and B): cells were seeded at 1.5 x 10*cells/cm? and
treated with CNTL medium or BMP-4-containing CM for 14 days. a: P <0.05, analyzed with Student’s t-tests (vs CNTL). The bar

graphs show the means and SDs (n=3). Bar: 100 um.

StainingKit (#DK-1488 for aggrecan [green color] and #DK-1594
for type 2 collagen [red color]; Vector Laboratories Ltd.,
Burlingame, CA, USA) according to the manufacturer’s
instructions. Nuclei were stained with Cellstain®-DAPI solu-
tion (Dojindo Laboratories, Kumamoto, Japan). All immuno-
fluorescence images were captured using a ZOE Fluorescent
Cell Imager (Bio-Rad, Hercules, CA, USA).

2.6.  Inhibitor assays

To verify the mechanisms underlying the effects of BMP-4 on
the chondrogenic differentiation of hDFAT cells, we used DM,
the BMP signaling inhibitor [29]. The chondrogenic differenti-
ation conditions with monolayer cells were applied in inhibitor
assays. One day after cell seeding, cells were treated with CM or
CM containing 100ng/mL BMP-4 with or without 1M DM for
14 days.

2.7.  Statistical analysis

Numerical data are represented as means and standard
deviations (SDs). Statistical significance was assessed with
Student’s t-tests or one-way analysis of variance (ANOVA)
followed by Scheffe methods. Statistical analysis was per-
formed using Microsoft Excel software statistic package.
Differences with P values of less than 0.05 were considered
significant.

3. Results

3.1.  Chondrogenic differentiation under monolayer culture
conditions

gPCR analysisindicated that treatment of cells with BMP-4 and
BMP-7 significantly enhanced the expression of SOX9, SOX6,
and ACN on day 3 (Fig. 1). BMP-4 (100ng/mL) in CM induced the
highest expression of SOX9, SOX6, and ACN. The ACN
expression pattern was similar to those of SOX9 and SOX6.

Additionally, SOX5 expression decreased by the chondrogenic
differentiation conditions used in this study (i.e., both CM and
CM with BMPs). In contrast to BMP-2, BMP-4 and BMP-7
decreased COL10A1 expression in a concentration-dependent
manner.

Based on the results shown in Fig. 1, we next sought to
confirm the long-term effects of BMP-4 on chondrogenic
differentiation in hDFAT cells under monolayer cell culture
conditions for up to 14 days. Fig. 2 shows the gene expression
profiles of hDFAT cells cultured in CNTL medium or CM with
100ng/mL BMP-4 for 14 days. The cells stimulated with CM
containing BMP-4 showed increased expression of chondro-
genic markers, i.e., SOX9, SOX6, ACN, COL2A1, COL10A1, and
MMP13, compared with that in cells cultured with CNTL
medium (Fig. 2A). The results of immunofluorescence staining
revealed stronger staining of ACN and type 2 collagen in the
cells treated with CM containing BMP-4 than in the cells
treated with CNTL medium (Fig. 2B). Nevertheless, SOX5
expression was still lower in cells treated with CM containing
BMP-4 than that in cells treated with CNTL medium. Taken
together, these results suggested that CM containing BMP-4
induced early chondrogenic differentiation in monolayer
hDFAT cells, but inhibited SOX5 expression.

3.2 Inhibition of BMP signaling

Changes in the shapes of cells stimulated with DM at
concentrations of up to 1uM were negligible (Fig. 3A).
However, the addition of DM in BMP-4-containing CM
significantly inhibited the enhancement of SOX9 and ACN
expression and cancelled the inhibition of COL10A1, MMP3,
and MMP13 expression (Fig. 3B).

3.3.  Chondrogenic differentiation under pellet culture
conditions

A previous study showed that chondrogenesis is elevated in
hADSCs under pellet culture conditions [25]. To verify that
chondrogenic differentiation induced by BMP-4 still occurred
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Fig. 3 -Inhibitory effects of BMP signaling on CM + BMP-4-induced chondrogenic differentiation of hDFAT cells in monolayer cell
cultures. (A) Phase contrast images of the cells. (B) mRNA expression. The cells were treated with CM or CM containing 100ng/
mL BMP-4 with or without 1uM dorsomorphin (DM) for 14 days. CM: chondrogenic medium. (A-a): cells treated with CM
containing 100ng/mL BMP-4. (A-b): cells treated with CM containing 100ng/mL BMP-4 and 1 .M DM. Bar: 50 .um. (B) a: P<0.05,
analyzed with ANOVA with Scheffe test (vs BMP-4-containing CM). The bar graphs show the means and SDs (n=3).

under three-dimensional cell culture conditions, similar to under pellet culture conditions (Fig. 4). CM with BMP-4 robustly
that under monolayer culture conditions, hDFAT cells were enhanced the expression of the chondrogenic markers. In
treated with CNTL medium or CM containing 100ng/mL BMP-4 contrast to cells grown under monolayer culture conditions,
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Fig. 4 - mRNA expression profiles of pellet cell cultures of hDFAT cells undergoing chondrogenic differentiation for 14 days.
CNTL: control; CM: chondrogenic medium. Cells were seeded at 100 x 10* cells/tube and treated with CNTL medium or CM
containing 100ng/mL BMP-4 for 14 days. a: P<0.05, analyzed with Student’s t-tests (vs CNTL). The bar graphs show the means
and SDs (n=3).
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SOX5 expression in cells treated with CM containing BMP-4
under pellet culture conditions was slightly elevated com-
pared with that in cells grown in CNTL medium (Figs. 2 and 4).

4, Discussion

BMPs exhibit multiple functions in gastrulation, organogene-
sis, mesoderm induction, embryogenesis, bone formation, and
cartilage formation [29]. BMP-2, BMP-4, and BMP-7 have been
reported to modulate chondrogenesis [22,26]. However, few
studies have evaluated the functions of BMPs in the chondro-
genesis of hDFAT cells in vitro. In the present study, we verified
that BMP-4, when used with CM, modulated the chondrogenic
differentiation of hDFAT cells under both monolayer and pellet
culture conditions in vitro.

Recombinant BMP-4 has been shown to play an important
role in promoting early cartilage differentiation in the
embryonic limb bud mesenchyme in mice [30] and in MSCs
[27]. Moreover, this factor has also been shown to suppress
chondrocyte hypertrophy [28]. Consistent with these previous
results, we found that administration of BMP-4 in CM
significantly enhanced the expression of chondrogenic
markers, such as SOX9, SOX6, and ACN, in hDFAT cells much
earlier than those induced by BMP-2 and BMP-7 under
monolayer conditions (Fig. 1). Conversely, the expression of
COL10A1, a hypertrophic marker, was strongly inhibited by
BMP-4. These results suggest that recombinant hBMP-4 may be
a superior inducer of early chondrogenesis but an inhibitor of
chondrogenic hypertrophy in hDFAT cells compared with the
other two BMPs.

Pellet cell culture is a conventional technique used to
differentiate stem cells into chondrocytes for cartilage
regeneration therapy [25]. However, in general, pellet cell
culture requires a large number of cells [25], which may
represent a major bottleneck for the future application of
chondrogenically differentiated hDFAT cells for large cartilage
defects. Exploring an effective technique with small numbers
of cells, such as cell sheet technology (layered sheets of
monolayer cells) [31], may represent a prospective approach
for cartilage treatment using hDFAT cells. Thus, in this study,
we cautiously investigated chondrogenic differentiation of
hDFAT cells under the monolayer culture condition in addition
to the pellet condition. However, SOX5 expression was
completely suppressed in monolayers of hDFAT cells treated
with CM with or without BMPs, including BMP-4 (Fig. 1). SOX5
and SOX6 have been reported to function as co-activators of
SOX9, the master transcription factor involved in chondro-
genesis, in order to enhance the secretion of cartilage
extracellular matrix components [32]. Indeed, lkeda reported
that transfection of SOX trio (SOX9, SOX6, and SOXS) genes
significantly enhanced the chondrogenesis of hMSC cells
compared with that of cells transfected with each SOX alone
[33]. Based on these results, further studies are needed to
explore costimulants of SOX5 expression in order to enhance
the chondrogenic differentiation of monolayers of hDFAT
cells; such studies may be applicable for preparing robust
chondrocyte cell sheets [31].

In pellet culture, the expression of SOX5 was much higherin
the cells treated with CM containing BMP4 than that in cells

treated with CNTL medium for up to 14days (Fig. 4). These
results may provide insights into the increased expression of
SOXS5 in monolayer cultures of cells grown in CM containing
BMP-4. Pellet cell culture is generally superior to monolayer
culture with regard to cell-cell interactions and hypoxic
condition, resulting in enhanced cartilage formation [25,34].
In our previous study, we showed that alterations in cell
seeding density do not significantly affect SOX9 and COL2A1
expression in hDFAT cells [18]. Additionally, Khan et al.
reported that hypoxic conditions increase SOX5 expression in
stem cells isolated from the infrapatellar fat pad [34]. These
results suggest that the combination of hypoxic conditions
and BMP-4 administration could be applicable for enhance-
ment of SOX5 expression in hDFAT cells grown in monolayer
cultures.

Recombinant BMP-4 is thought to have a potential to
enhance the osteogenic differentiation [35]. Type 1 collagen is
a well-known early marker of osteoblast differentiation [36]. In
the present study, the expression of COL1A1 was elevated in
the cells stimulated by CM with/without BMPs on day 3 (Fig. 1).
However, there was negligible difference among the cells
stimulated using these media. Weiss et al. have reported that
COL1A1 expression in MSC increased with time during
chondrogenic differentiation using TGF-[3 [22]. In accordance
with these results, expression of COL1Al in hDFAT cells
treated with CM containing BMP-4 could be attributed to
chondrogenic differentiation.

Administration of DM in CM attenuated the effects of BMP-4
(Fig. 3B). Yu et al. reported that DM inhibits the BMP-mediated
phosphorylation of SMAD1/5/8 [29]. Moreover, BMP-SMAD1/5
signaling is known to crosstalk with TGF-f3 signaling [37].
These results suggest that the chondrogenic capacity of BMP-4
in hDFAT cells could be related to the synergistic effects of
BMP-4 and TGF-P3.

The principal limitation of our study was that one adipose
tissue sample from one subject was used to isolate hDFAT
cells. Herlofsen et al. have reported that human BMSCs from
three different donors showed a similar mRNA expression
profile during chondrogenic differentiation [38]. There might
be some possibility that the effect of BMP-4 on the chondro-
genic differentiation of hDFAT cells was robust; thereby, it was
not disturbed by individual and inter-individual variation.
However, to date, only limited studies have explored the
mechanisms underlying the chondrogenic differentiation of
hDFAT cells. Although our data may provide some clue to
explore this mechanism, further investigation is imperative to
elucidate the response of hDFAT cells stimulated by BMP-4.

5. Conclusion

In the present study, we demonstrated that BMP-4 regulates
the early chondrogenic differentiation of hDFAT cells when
used with a CM, as with BMSCs and ADSCs. This growth factor
significantly induced the early expression of SOX9, SOX6, and
ACN on day 3. BMP4-induced chondrogenically differentiated
hDFAT cells robustly produced ACN and type 2 collagen
protein, even under monolayer cell culture conditions on day
14. In contrast to the monolayer culture, SOX5 expression was
elevated in pellet cell cultures under CM containing BMP-4.
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These findings provide insights into the chondrogenic differ-
entiation of hDFAT cells, which may serve as a cell source for
chondrocyte generation. However, DFAT cells used in the
present study were isolated from one adipose tissue sample
from one subject. Additional studies verifying the effect of
individual and inter-individual variation mustbe conducted to
develop reliable methods for obtaining chondrocytes from
hDFAT cells for applications in cartilage regeneration therapy
in patients with craniofacial injuries and abnormalities.
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