
INTRODUCTION

The function of most mammalian cells is dependent on their 
interaction with neighboring cells and the extracellular matrix 
(ECM) [1]. Three-dimensional (3D) cultures are reportedly ca-
pable of offering technical advantages in that osteoblasts are 
sensitive to various factors that modify their proliferation and 
differentiation [2]. Previously, we investigated the mechanism 
underlying the regulation of myofibroblastic differentiation us-
ing a 3D reconstruction model derived from neonatal rat skin 
[3]. Myofibroblasts are characterized by their de novo expression 
of α-smooth muscle actin (α-SMA), which generates a contrac-
tile force in granulation tissue [4], and transforming growth fac-
tor (TGF)-βs are known to act as stimulators of such differentia-
tion [5]. Our previous study revealed that the endogenous 
secretion of TGF-β1 was involved in the effective expression of 

α-SMA in dermal myofibroblasts in an autocrine or paracrine 
fashion [3].

Intriguingly, in the two-dimensional (2D) environment, rela-
tively undifferentiated fibroblasts can exhibit a particular pheno-
type (osteogenic, chondrogenic, or adipogenic) in response to 
microenvironmental factors to which they are exposed [6,7]. 
Conversely, myofibroblasts are capable of differentiating into 
other types of cells including osteoblasts and adipocytes follow-
ing the addition of bone morphogenetic or differentiation-in-
ducing substances [8,9]. In rat dermal fibroblasts, TGF-β1 pro-
motes osteogenic as well as myofibroblastic differentiation, i.e., 
an increase in the expression levels of alkaline phosphatase 
(ALP) and osteocalcin (OCN) as early and late osteoblast differ-
entiation markers, respectively [10]. In analogy with the promo-
tion of the osteogenic potential of osteoblast-like cells in the 
presence of 3D cell-to-cell contact [11], a heterogeneous popu-
lation of dermal fibroblasts/myofibroblasts is expected to be 
amenable to culture in a 3D environment and to gain the poten-
tial to undergo osteoblastic differentiation. 

Inorganic phosphate (Pi) has emerged as an indispensable 
regulator of calcification. Similar to the in vivo vascular calcifica-
tion caused by hyperphosphatemia, elevated Pi (2 mM) has 
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been shown to stimulate ALP and OCN expression, and to cal-
cify the ECM in human aortic smooth muscle cell culture [12]. 
The addition of Pi stimulates the autocrine loop of TGF-β1 pro-
duction that induces the expression of OCN and Runx2, a key 
transcriptional regulator of bone matrix proteins, in vascular 

smooth muscle cells [13]. Thus, we hypothesized that dermal 
mesenchymal cells (mostly fibroblasts) in 3D cultures also un-
dergo phenotypic changes effectively with the aid of the endoge-
nous production of TGF-β1, and cause calcification in the pres-
ence of elevated Pi or the phosphate donor β-glycerophosphate 

Table 1. Sequences of the PCR primers used in the present study

Forward (5'–3') Reverse (5'–3')
ALP
Runx2
OCN
α-SMA
ACTB

TCCCAAAGGCTTCTTCTTGC
CAACCACAGAACCACAAGTGC
TATGGCACCACCGTTTAGGG
ACTGGGACGACATGGAAAAG
GATCAAGATCATTGCTCCTCC

ATGGCCTCATCCATCTCCAC
CACTGACTCGGTTGGTCTCG
CTGTGCCGTCCATACTTTCG
CATACATGGCAGGGACATTG
GTGTAAAACGCAGCCTCAGTA

GenBank accession numbers; ALP: NM_013059, Runx2: AF053950, OCN: NM_013414, α-SMA: NM_031004, ACTB: NM_031144. PCR: 
polymerase chain reaction, ALP: alkaline phosphatase, OCN: osteocalcin, α-SMA: α-smooth muscle actin, ACTB: β-actin

P#2

250 µm

250 µm

250 µm250 µm

Medium

FibroblastsCollagen gel

Day 4Day 2

CD44 (G) α-SMA(R)

CD90 (G) α-SMA(R)

Figure 1. Characteristics of cells outgrown from rat dermal explants (A and B) and a schematic diagram of the 3D culture (C). (A) Spin-
dle-shaped cells sprouted from tissue sections dissected from rat dermis and cultured on a plastic plate for the indicated time. The 
hatched line denotes the edge of the tissue explant. P# denotes passage number. (B) Immunostaining for α-SMA, a myofibroblast 
marker, and for the dermal multipotent cell markers CD44 and CD90/Thy-1, and staining for ALP activity. Green (G), CD44 and CD90; 
red (R), α-SMA; blue, nucleus (DAPI). (C) The culture insert (3.0 cm ø) was placed in an outer dish (10 cm ø) together with DMEM for 1 
week (upper) followed by α-MEM for 2 weeks (lower). Photographs of the inner dish and the 3D culture at 2 weeks after changing to 
α-MEM are also shown. 3D: three-dimensional, α-SMA: α-smooth muscle actin, ALP: alkaline phosphatase, DAPI: 4',6-diamidino-2-phe-
nylindole, DMEM: Dulbecco’s modified Eagle’s medium, α-MEM: alpha modification of Eagle’s minimum essential medium.
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(βGP). 
The aim of this study was to investigate the potential of phe-

notypic transformation to osteoblast-like cells of mesenchymal 
cells including fibroblasts outgrown from rat dermal explants 
using 3D culture and to clarify the mechanism underlying such 
an osteogenic response. This basic approach may lay the 
groundwork for future tissue engineering applications for osteo-
genic regeneration.

MATERIALS AND METHODS

Antibodies and reagents
The antibodies used were primarily mouse monoclonal anti-

α-SMA (clone 1A4; Dako, Glostrup, Denmark), rabbit poly-
clonal anti-TGF-β1 (G122A; Promega, Madison, WI, USA), 

mouse monoclonal anti-OCN (6-7H; TaKaRa Bio., Shiga, Ja-
pan), rabbit polyclonal anti-dentin matrix protein-1 (DMP-1) 
(M176; TaKaRa Bio., Otsu, Japan), rabbit polyclonal anti-CD44 
(bs-0521R; Bioss, Inc., Woburn, MA, USA), and rabbit poly-
clonal anti-CD90/Thy-1 (bs-0778R; Bioss Inc.). LY364947 (Cay-
man Chemical, Ann Arbor, MI, USA) was dissolved in dimethyl 
sulfoxide to make a stock solution, which was further diluted 
more than 1000 fold before use. Levamisole HCl was obtained 
from Santa Cruz Biotech (Dallas, TX, USA). All other com-
pounds were from Sigma-Aldrich Co. (St. Louis, MO, USA).

Dissociation of rat dermal mesenchymal cells and 
construction of the collagen gel matrix culture

Two-day-old Wistar rats were killed with anesthetic isoflu-
rane. The dorsal skin was disinfected with ethanol and removed. 
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Figure 2. Time courses of the relative levels of α-SMA, ALP, Runx2, and OCN mRNA (A), staining for ALP activity (B and C), and immu-
nostaining for TGFβ-1, α-SMA, OCN, and DMP-1 proteins (D) in rat dermis-derived cells embedded in 3D culture. Culture medium con-
tained 1.0 mM Pi. (A) The mean ΔCT value at 2 weeks after changing the medium from DMEM to α-MEM was used as an internal cali-
brator. Numbers of experiments are shown in parentheses. *p<0.05, **p<0.01, ***p<0.001, compared with the corresponding value of 
ALP mRNA. (D) Green (G), TGF-β1 and DMP-1; red (R), α-SMA and OCN; blue, nucleus (DAPI); Ph, phase-contrast image. α-SMA: 
α-smooth muscle actin, ALP: alkaline phosphatase, OCN: osteocalcin, TGF: transforming growth factor, DMP-1: dentin matrix protein-1, 
3D: three-dimensional, Pi: inorganic phosphate, DMEM: Dulbecco’s modified Eagle’s medium, α-MEM: alpha modification of Eagle’s 
minimum essential medium, DAPI: 4',6-diamidino-2-phenylindole.
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The experimental procedures were approved by the Animal Re-
search Committee of Fukuoka Dental College (IRB no. 13035). 
The skin was incubated overnight at 4°C in modified Eagle’s 
medium containing dispase (750 protease units/mL, Dispase II; 
Godo Shusei, Tokyo, Japan). Dermal tissue was minced into 
rectangular pieces and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 15% fetal bovine serum (FBS). 
Cells that sprouted from the dissected dermis were collected by 
digesting spindle-shaped cells surrounding the tissue explant at 
37°C for 5 min in phosphate-buffered saline containing 0.1% 
trypsin and 0.65 mM EDTA. FBS was added to stop enzyme ac-
tivity. The cells were centrifuged, resuspended in fresh medium 
containing 10% FBS, and cultured for 5–6 days. They were then 
subcultured twice. 

Collagen gels were prepared according to previously pub-
lished methods [3]. Briefly, type-I collagen (0.725 volume; Nitta 

Gelatin, Osaka, Japan) was mixed on ice with a reconstitution 
buffer (0.1 volume; 2.2 g NaHCO3 and 4.77 g HEPES in 100 mL 
of 50 mmol/L NaOH, pH 7.0), 5-times concentrated DMEM 
(without NaHCO3, 0.15 volume), and 10-times concentrated 
Ham’s F-12 medium (without NaHCO3, 0.025 volume). A total 
of 2.5 mL of gel was mixed with 1.25×105 (1×) or 5.0×105 (4×) 
cells and poured into a cell culture insert (3.0-cm diameter, Mil-
licell CM; Millipore, Temecula, CA, USA). The gel was warmed 
at 37°C for 30 min to solidify it and produce 3D cultures. The 
culture insert was placed in an outer dish (10-cm diameter) 
containing DMEM supplemented with 10% FBS, and then in-
cubated at 37°C in 5% CO2. After one week, the culture medium 
was changed to α-MEM supplemented with 10% FBS. New cul-
ture medium was added every three days. Unless otherwise in-
dicated, the concentration of Pi in the culture medium was 1.0 
mM. The 3D culture was maintained in α-MEM for 2 weeks. 

Figure 3. Calcification occurs in 3D cultures of rat dermis-derived cells in the presence of high concentrations of Pi (1.1 mM added, 2.1 
mM final) and βGP (10 mM). Normal culture medium contained 1.0 mM Pi. (A) Left: epi-illumination images of representative gels show 
reflective white deposits in the 3D cultures for 2 weeks. (A) Right: Alizarin Red S staining shows nodular deposits indicating calcification 
in predominantly extracellular regions. Calcium deposits were not found in the collagen gel without cells in the high Pi-medium. (B) In-
tensity of Alizarin Red S staining (arbitrary units; a.u.) in the presence or absence of Pi and βGP. ***p<0.001, compared with the corre-
sponding value for control (Ctrl). Numbers of experiments are shown in parentheses. 3D: three-dimensional, Pi: inorganic phosphate, 
βGP: β-glycerophosphate.
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The concentration of Pi in the presence of βGP was measured 
using a molybdenum blue visual colorimetric method (WAK-
PO4(C); Kyoritsu Chemical-Check Lab., Tokyo, Japan).

ALP and Alizarin Red staining
Cells embedded in collagen gel were fixed with a fixative solu-

tion (45% acetone- and 10% methanol-containing citrate buffer; 
pH 5.4) for 5 min and then washed several times with distilled 
water. The cells were then stained by incubation with nitro blue 
tetrazolium chloride and bromo-chloro-indolyl phosphate at 
37°C for 10 min to detect ALP activity (TRACP & ALP double-
stain kit; Takara Bio., Otsu, Japan). For the detection of calcifica-
tion, cultures were stained with 0.5% Alizarin Red S solution (Sig-
ma-Aldrich Co., St. Louis, MO, USA) for 1.5 min. Quantification 
of the relative intensity of the staining (in arbitrary units) was per-
formed with the aid of ImageJ software (NIH, Bethesda, MD, USA).

Real-time PCR measurement of mRNA levels
Messenger RNA (mRNA) was measured using PCR as de-

scribed previously [3]. Briefly, Total RNA was isolated from der-
mal cells (mostly fibroblasts/myofibroblasts) in the 3D-recon-
struction model, and mRNA was reverse transcribed into 
complementary DNA. Samples were analyzed in duplicate by 
quantitative PCR with the comparative ΔΔCT method (Applied 
Biosystems 7500 Real-time PCR System; Grand Island, NY, 
USA) with SYBRR Premix Ex Taq II (Takara Bio.). Specific prim-
ers to target genes and an endogenous control, β-actin (ACTB) 
(Table 1) were used under the following thermal cycling condi-
tions: 95°C, 5 s; 60°C, 30 s; and 72°C, 45 s for 40 cycles. Mean 
ΔCT in the control group was used as an internal calibrator, and 
the relative quantity of the target gene in the test groups was cal-
culated as 2-ΔΔC

T [range=2-(ΔΔC
T

-S) to 2-(ΔΔC
T

+S)], where S is the 
standard error of the mean (SEM) of the ΔΔCT value. 

Immunofluorescence 
The 3D culture was fixed with 4% paraformaldehyde over-

night at 4°C and then permeabilized with 0.1% Triton X-100 for 
5 min at room temperature. The culture was incubated with 
10% goat serum for 1 h, followed by a 2-h incubation with an 
anti-α-SMA (1:200), -TGF-β1 (1:200), -OCN (1:100), -DMP-1 
(1:100), -CD44 (1:100), or -CD90 (1:100) antibody, and a 1-h 
incubation with an anti-rabbit or anti-mouse IgG antibody (1:800) 
conjugated with Alexa Fluor 488 or 594 (Molecular Probes, Inc., 
Eugene, OR, USA). Fluorescence was observed using a fluores-
cence microscope (BZ-9000; Keyence, Osaka, Japan). 

Statistical analysis
All values are presented as the mean±SEM (N, number of 

observations). Statistical analysis for the comparison of 2 groups 

was performed using a paired t-test. For more than 3 groups, 
analysis was performed using one-way analysis of variance fol-
lowed by a post hoc Fisher’s PLSD test. A p-value less than 0.05 
was considered statistically significant.

RESULTS

Three-dimensional culture of dermis-derived cells 
causes a time-dependent increase in the expression of 
osteogenic genes

A large number of spindle-shaped cells sprouted from the tis-
sue sections dissected from rat dermis. With increasing time in 
2D culture, the fibroblasts occasionally changed to exhibit a flat-
tened shape (Fig. 1A, P#2 right). Some of these cells had positive 
immunoreactivity to α-SMA, a myofibroblast marker after the 
outgrowth. Furthermore, positive staining for ALP activity was 
observed in some cells even in the 2D culture. Many cells ap-
peared to be positive for the dermal multipotent cell markers 
CD44 and CD90/Thy-1 [14,15] (Fig. 1B); however, it is report-
edly difficult to distinguish dermal multipotent cells from fibro-
blasts [6,7]. 

After being subcultured twice in flasks containing DMEM, 
the cells were dissociated and embedded in a collagen gel ma-
trix. The 3D culture medium was DMEM for 1 week and then 
changed to α-MEM containing a normal concentration of Pi (1.0 
mM) (Fig. 1C). The α-SMA and ALP mRNA levels during the 
initial incubation in DMEM were already almost 50–60% of 
those detected at 2 weeks after changing the medium to 
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Figure 4. Effects of high concentrations of Pi (1.1 mM added, 2.1 
mM final) and βGP (10 mM) on the expression of ALP, Runx2, 
and OCN mRNA measured in rat dermis-derived cells embedded 
in 3D culture. Normal culture medium contained 1.0 mM Pi. *p< 
0.05, **p<0.01: compared with the corresponding value for control 
(Ctrl). Numbers of experiments are shown in parentheses.  ALP: 
alkaline phosphatase, OCN: osteocalcin, α-MEM: alpha modifica-
tion of Eagle’s minimum essental medium, 3D: three-dimensional, 
Pi: inorganic phosphate, βGP: β-glycerophosphate.
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α-MEM. These levels increased during the early period of incu-
bation in α-MEM to reach the maximum level detected for 1 to 
2 weeks (Fig. 2A). Staining for ALP activity exhibited a similar 
time course with the mRNA levels (Fig. 2B and C). 

However, the time course of Runx2 and OCN mRNA levels 
was entirely distinct from that of ALP mRNA. They were less 
than 30% during the initial incubation in DMEM, and increased 
gradually during the period of incubation in α-MEM (Fig. 2A). 
Being consistent with our previous study [3], immunostaining 
revealed the initial diffuse production of TGF-β1 protein in the 
3D culture and the existence of relatively large α-SMA-positive 
cells with a polygonal shape, although α-SMA-negative cells 
were also found (Fig. 2D). While TGF-β1 production decreased 
in the later period, α-SMA-positive cells still remained in the 
culture. Neither the late osteoblast marker OCN nor the osteo-
cyte marker DMP-1 was expressed during incubation in 
DMEM. However, the number of small polygonal cells gradual-
ly increased, expressing both OCN and DMP-1 and extending 
processes to neighboring cells after the medium was switched to 

α-MEM. Most cells did not express both α-SMA and DMP-1 
(Fig. 2D).

Pi and βGP stimulate calcification in 3D culture of rat 
dermis-derived cells

When we investigated the existence of calcium deposits in 
epi-illumination images of the 3D cultures, they were barely de-
tected in the presence of the normal concentration of Pi (1.0 
mM). Remarkably, at 2 weeks after the addition of a high con-
centration of Pi (1.1 mM; final concentration, 2.1 mM) and βGP 
(10 mM), the epi-illumination images of representative gels 
demonstrated reflective white deposits in the 3D culture. High 
Pi and βGP concentrations substantially increased Alizarin Red 
staining (Fig. 3). Without the cells embedded, high Pi never 
produced deposits or increased Alizarin Red staining. High Pi 
and βGP slightly increased the mRNA expression of ALP, but 
not of Runx2 or OCN (Fig. 4). These results suggest that both 
inorganic and organic phosphates stimulated calcification in 
some biological process without altering the transcription of 

*** *

140

120

100

80

60

40

20

0

100

80

60

40

20

0

A
liz

ar
in

 re
d 

st
ai

ni
ng

 (a
.u

.)

**

140

120

100

80

60

40

20

0

100

80

60

40

20

0

A
liz

ar
in

 re
d 

st
ai

ni
ng

 (a
.u

.)

Figure 5. Differential effects of phosphonoformic acid (PF, 1 mM) (A) and levamisole (Lev, 1 mM) (B) on Alizarin Red S staining en-
hanced by high Pi (1.1 mM added, 2.1 mM final) or βGP (10 mM) in 3D cultures of rat dermis-derived cells. Normal culture medium 
contained 1.0 mM Pi. Upper: representative gels, Lower: intensity of staining (arbitrary units; a.u.). *p<0.05, **p<0.01, ***p<0.001, com-
pared with the corresponding value. Numbers of experiments are shown in parentheses. 3D: three-dimensional, Pi: inorganic phos-
phate, βGP: β-glycerophosphate.
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Runx2 and OCN. 
To clarify the mechanisms underlying the calcification in-

duced by adding high Pi and βGP concentrations, the roles of 
phosphate transporters and ALP were investigated. An inhibitor 
of type III phosphate transporters, phosphonoformic acid (PF, 1 
mM) [16], abolished both high Pi- and βGP-induced Alizarin 
Red staining (Fig. 5A) without altering ALP mRNA levels (Fig. 
6). In contrast, the ALP inhibitor levamisole (Lev, 1 mM), which 
is known to have no effect on phosphate transport [17], inhibit-
ed βGP-induced calcification, whereas it failed to alter the Pi-in-
duced action (Fig. 5B). Lev did not induce significant changes in 
ALP mRNA levels (Fig. 6). To confirm the breakdown of βGP 
into Pi, we measured the increase of Pi concentration in culture 
medium supplemented with 10 mM βGP for 3 days culture of 
the dermis-derived cells. The increased Pi concentration was es-
timated to be 1.13±0.09 mM (n=4). These results indicate that 
the action of both high Pi and βGP concentrations requires PF-
sensitive phosphate transporters, while the latter also requires 
ALP activity to degrade the compound into Pi.

Expression of ALP and the subsequent βGP-induced 
calcification is dependent on endogenous TGF-β 

Previously, we reported that rat dermal fibroblasts in a 3D 
culture secreted TGF-β1 (in both active and latent forms) to 
change their phenotype to the contractile form (myofibroblasts), 
suggesting the involvement of the basal release of TGF-β1 in the 
cell differentiation process [3]. In that study, a TGF-β type-I re-

ceptor inhibitor, LY364947 (3 µM) [18], attenuated α-SMA pro-
duction in myofibroblasts. At 2 weeks after continual 3D culture 
in α-MEM, LY364947 at the same concentration significantly 
attenuated the mRNA expression of ALP, but not that of Runx2 
or OCN (Fig. 7A). Conversely, recombinant TGF-β1 (4 ng/mL) 
did not modify the expression of ALP, Runx2, or OCN mRNA 
(data not shown). These observations suggest that endogenous 
TGF-β appeared to be sufficient to stimulate ALP expression 
and to be irrelevant for the transcription of Runx2 and OCN in 
the present study. 

According to the results shown above, it is assumed that en-
dogenous TGF-β promotes βGP-induced calcification through 
an increase in ALP activity. While inhibiting ALP mRNA levels 
(Fig. 7A) even in the presence of high Pi or βGP, LY364947 (3 
µM) significantly suppressed the βGP-induced Alizarin Red 
staining, whereas it failed to alter the Pi-induced staining, sug-
gesting a role for endogenous TGF-β in calcification induced 
only by βGP through the upregulation of ALP activity (Fig. 7B).

Expression of Runx2 or osteocalcin, but not that of 
alkaline phosphatase, is dependent on cell density 
in 3D culture 

The aforementioned results indicate that Runx2 and OCN 
expression is unlikely to be regulated by TGF-β, in contrast to 
ALP expression and βGP-induced calcification. Thus, we con-
sidered that other signaling pathways should promote the ex-
pression of Runx2 and related genes. Interestingly, when the 
number of cells embedded in the collagen gel was increased by 
4 fold, Runx2 and OCN mRNA levels were significantly in-
creased, whereas ALP mRNA levels and βGP-induced calcifica-
tion were unaltered (Fig. 8), suggesting cell density-dependent 
signaling is involved in the enhanced transcription of Runx2 
and related genes. 

DISCUSSION

The present study demonstrated that in 3D culture of cells 
outgrown from rat dermis, mRNA and protein levels related to 
the osteogenic response increase with differential time courses 
and that calcium deposits are produced in the presence of inor-
ganic or organic phosphates with the aid of phosphate trans-
porters and ALP. This phenotypic change is likely to be promot-
ed by endogenous TGF-β levels and cell density. 

The existence of fibroblast heterogeneity has been well docu-
mented [19]. Dermal fibroblasts contain heterogeneous cell 
populations including stem cells with various levels of differen-
tiation potential and fibroblasts with no capacity to convert to 
other cell types [7]. Thus, the spindle cells that sprouted from 
the rat dermal tissue explants should consist of heterogeneous 
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Figure 6. Effects of phosphonoformic acid (PF, 1 mM) and le-
vamisole (Lev, 1 mM) on the expression of ALP mRNA measured 
in rat dermis-derived cells embedded in 3D culture in the pres-
ence of high Pi (1.1 mM added, 2.1 mM final) or βGP (10 mM). 
The mean ΔCT value in the normal culture medium (1.0 mM Pi) 
without PF and Lev was used as an internal calibrator. No signifi-
cant difference was observed in comparison with the correspond-
ing value for control (Ctrl). Numbers of experiments are shown in 
parentheses. ALP: alkaline phosphatase, 3D: three-dimensional, 
Pi: inorganic phosphate, βGP: β-glycerophosphate.
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populations, and a subpopulation of dermis-derived multipo-
tent cells could be involved in the differentiation capacity to 
generate the osteoblastic phenotype. The profiles of the specific 
surface antigen phenotype such as CD44 and CD90 are similar 
in mesenchymal stem cells and dermal fibroblasts [6,7]. There-
fore, further study through clonal analysis has to be conducted 
to determine which specific biomarkers the outgrown cells ex-
press and which cells have the potential to undergo phenotypic 
change in the present 3D culture. 

Type I collagen, the main organic component of bone matrix, 
enhances osteoblastic differentiation and bone formation [11]. 
Notably, rat primary osteoblasts growing in 3D cultures of colla-
gen gels increased the expression of osteoblastic genes [2]. In 
analogy, we embedded cells that sprouted from rat dermal ex-
plants in a 3D culture of collagen gel, and expected the specific 
cell differentiation. In fact, ALP mRNA expression was almost 
half of the maximal level within 1 week and reached the maxi-
mal level for 1 to 2 weeks, while both Runx2 and OCN mRNA 

gradually increased within 2 weeks. These differential time 
courses indicate that these genes are expressed in different pop-
ulations of dermal fibroblasts and/or regulated separately in the 
same population of cells. The former idea is more likely to be 
supported by the present immunocytochemistry study showing 
the expression of α-SMA with OCN and DMP-1 in different 
cells embedded in the 3D culture.

Previously, we reported that the basal release of endogenous 
TGF-β1 effectively promotes α-SMA production in the 3D cul-
ture of fibroblasts/myofibroblasts in autocrine and paracrine 
manners [3]. TGF-β1 is widely considered to be a key regulator 
of the differentiation of many different cell types and to play an 
important role in bone metabolism because it affects both os-
teoblast and osteoclast cell lineages [20]. In the present study, 
the endogenous production of TGF-β1 is likely to be involved, 
at least, in the expression of ALP, since LY364947 inhibited ALP 
mRNA levels; however, it barely affected Runx2 and OCN 
mRNA levels. Conflicting data have been shown concerning the 
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Figure 7. Modulation by TGF-β signaling of the expression of ALP, Runx2, and OCN mRNA and Alizarin Red S staining in 3D cultures 
of rat dermis-derived cells. (A) Effects of LY364947 (LY, 3 µM) in culture medium containing 1.0 mM Pi (upper) and in medium contain-
ing 2.1 mM Pi or 10 mM βGP (lower). (B) Representative gels (upper) and intensity of staining (arbitrary units; a.u.) (lower). *p<0.05, 
***p<0.001, compared with the corresponding value. Numbers of experiments are shown in parentheses. TGF: transforming growth 
factor, ALP: alkaline phosphatase, OCN: osteocalcin, 3D: three-dimensional, Pi: inorganic phosphate, βGP: β-glycerophosphate, 
α-MEM: alpha modification of Eagle’s minimum essental medium.
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effects of TGF-β1 on gene expression in osteoblast progenitors. 
TGF-β1 has been shown to increase the expression of Runx2, 
osteopontin, OCN, and collagen type I [13]. Conversely, TGF-β1 
promotes the early stage of differentiation, whereas it blocks the 
later stages of differentiation and mineralization [20]. In the pres-
ent 3D culture, since the endogenous production of TGF-β1 was 
detected in the early period, the TGF-β1-induced action on ALP 
expression is likely to be highlighted.

A high Pi environment is reportedly needed for the ectopic 
calcification of vascular smooth muscle cell culture [13]. Several 
types of Pi transporters are involved in the phosphate carriers 
important for ECM calcification [21]. The type III NaPi trans-
porters Pit-1/Glvr-1 and Pit-2/Ram-1 are expressed by most cell 
types [22]. Mineralization was upregulated with the overexpres-
sion of Pit-1 in osteoblast culture [23]. Jono et al. [12] reported 
that the type III NaPi transporter expressed in human vascular 
smooth muscle cells was identified as Pit-1 and that the specific 
inhibitor PF inhibited the Pi-induced deposition of calcium. 
Further evaluation using RNA interference confirmed the in-
volvement of Pit-1 in vascular smooth muscle cell calcification 
[24]. In the present study, we found that the NaPi transporter 

inhibitor attenuated the Pi- and βGP-produced deposition of 
calcium in myofibroblast cultures, suggesting an indispensable 
role of NaPi transporters. In contrast, the tissue-nonspecific 
ALP inhibitor Lev reduced βGP-induced calcification, but not 
Pi-induced calcification, through the inhibition of ALP activity. 
These results are consistent with a previous report for human 
osteoblast-like SaOS-2 cells [25], except for the limited action of 
Lev on transcription. βGP serves as a phosphate source for bone 
minerals [26]. ALP plays a key role in mineralization by degrad-
ing βGP into Pi [25]. In fact, we confirmed the increase in Pi in 
the βGP-containing culture medium for the myofibroblast-de-
rived cells, being consistent with a previous report using culture 
of mouse MC3T3-E1 osteoblast-like cells (4.8 mM Pi after 48 h 
culture) [27]. Furthermore, LY364947 inhibited βGP-induced 
calcification, but not high Pi-induced calcification. These results 
suggest that Pi is presumably supplied during the calcification 
process by the breakdown of βGP by ALP that has been upregu-
lated by TGF-β in 3D culture.

Previous studies have reported the entry of Pi into cells affects 
the expression of osteogenic genes. Pi activated the ERK signal-
ing pathway and had an effect on osteogenic gene expression 

Figure 8. Effects of cell density on the relative expression of ALP, Runx2, and OCN mRNA, and on Alizarin Red S staining in the pres-
ence of βGP (10 mM). The collagen gel was mixed with 1.25×105 (1×) and 5.0×105 (4×) cells and 3D culture was continued for 2 
weeks. Normal culture medium contained 1.0 mM Pi. *p<0.05, ***p<0.001: compared with the corresponding value for 1× cell density. 
Numbers of experiments are shown in parentheses. ALP: alkaline phosphatase, OCN: osteocalcin, 3D: three-dimensional, Pi: inorganic 
phosphate, βGP: β-glycerophosphate.
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[28]. Pi increased Runx2 and OCN mRNA levels in vascular 
smooth muscle cells [12,29]. Pi and βGP increased ALP mRNA 
and ALP activity in SaOS-2 osteoblast-like cells [25]. In the 
present study, a slight but significant increase in ALP was de-
tected in the presence of Pi and βGP, although no change was 
not observed for Runx2 and OCN expression as far as we tested 
using the dermis-derived cells. Although the expression of 
Runx2 and OCN was insensitive to the compounds that affected 
ALP mRNA levels, we found that their expression was depen-
dent on cell density in the 3D culture. Previously, it was reported 
that the seeded population of osteosarcoma cells in 3D collagen 
scaffolds affected the degree of osteoblastic differentiation [30]. 
Cell-to-cell interactions, such as physical contact shown as cell 
processes extending to neighboring cells or the secretion of in-
tercellular signaling molecules, should be considered when try-
ing to understand the promotion of the osteogenic response in 
3D cultures. 

In conclusion, endogenous TGF-β levels and cell density are 
likely to promote the differentiation of dermal mesenchymal 
cells, mostly fibroblasts, into osteoblast-like cells in a 3D colla-
gen matrix. In the presence of inorganic or organic phosphate, 
the functions of phosphate transporters and phosphatases are 
likely to be necessary for the formation of calcium deposits. The 
present 3D model is likely to offer an advantageous autologous 
cell source of tissue engineering for osteogenic regeneration. 
Further analysis should be performed to characterize the differ-
entiation potential of the subpopulations of dermal mesenchy-
mal cells to commit to an osteogenic lineage.
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