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Abstract

This study investigated the effects of various components [vitamin D3 (VD3), B-glycerophosphate (BGP), and ascorbic acid (AA)] on
the potential of human adipose-derived progenitor cells (ADPCs) to transdifferentiate into osteoblast-like cells. ADPCs were induced
under four different supplement groups: (1) VD3 + BGP + AA, (2) VD3 alone, (3) BGP + AA, and (4) no VD3, BGP or AA. Miner-
alization studies and presence of bone matrix-related proteins by immunostaining showed that the Group 1 ADPCs showed their ability
to undergo osteoblastic differentiation. Further evaluation was made by estimation of levels of RUNX-2 and TAZ genes. Group 1
ADPCs showed the consistent expression of RUNX-2 and TAZ levels over the study period of 28 days. The study showed good corre-
lation among various parameters evaluated to conclude that ADPCs could be an alternative source for generating osteoblast-like cells.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Adipose-derived stem cells; Vitamin D3; Osteoblasts; Differentiation; Induction

The bone marrow mesenchymal stem cell is one of the
most well-characterized adult stem cell types. These mesen-
chymal stem cells are capable of differentiating into osteo-
blast-like cells. In recent years, descriptions of other
possible adult stem cell sources are emerging amongst the
stem cells community. Adipose-derived stem or progenitor
cells (ADPC) might be a promising alternative to bone
marrow mesenchymal cells [1] as studies have indicated
that the yield of ADPCs is approximately 5000 CFU-F/g
adipose tissue. This compares with estimates of approxi-
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mately 100-1000 CFU-F/ml bone marrow [2]. Hence, it is
argued from a tissue engineering perspective that ADPCs
could give an improved yield of the order of 10. We and
others have demonstrated the ability of ADPCs to undergo
differentiation along osteogenic lineage in cell culture [3-5].
However, more recent data demonstrated a large variation
of osteogenic potential among donors and that vitamin
D—1a,25-dihydroxycholecalciferol (VD3) might be used
instead of dexamethasone. However, the underlying etiol-
ogy remains unknown.

It has been studied that the progenitor cells for adipo-
cytes and osteoblasts share some of the cell markers and
properties in their earlier part of development [6,7]. There-
fore, it is possible that precursor cells developed from a
more primitive progenitor/stem cell. These precursor cells
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then shared a common path along their differentiation pro-
gress and diverge from a common point forming either adi-
pocytes or osteoblasts depending upon the requirements of
the body and local environmental stimuli like, Runt-related
transcriptional factors, Smad proteins, BMP-2, and colla-
gen type 1 [6,7]. This cascade of factors eventually leads
to the expression of important bone matrix proteins like
osteocalcin, osteopontin, osteonectin, alkaline phospha-
tase, and a mineralized matrix [8].

VD3 plays an important physiological role in bone forma-
tion and its maturation. Importance and requirement of
VD3 in bone biology starts from the very beginning, affecting
proliferation and differentiation of early members of osteo-
blastic lineage in addition to enhancing matrix mineraliza-
tion for mature bone formation. It helps in maturing bone
synthesis by increasing Ca®* concentration at the minerali-
zation site in the bone. Moreover, it has been reported that
it increases gene expressions of genes which help in matrix
formation and mineralization of bone. Itis also reported that
VD3 promotes the early differentiation of progenitor cells to
osteoblastic lineage and it decreases apoptosis in osteoblast-
like cells [9]. Cross-talk of the osteogenic signals of RUNX-2
and VD3 at bone-specific promoters may represent an
important component of the mechanisms mediating tissue-
specific expression of osteoblast phenotypic genes [10]. How-
ever, not much is known of the specific impact of VD3 on
multipotent precursor cells from human adipose tissue.

This study investigated the efficacy of VD3 on osteo-
genic induction of progenitor cells from human adipose
tissue with or without supplementation of ascorbic acid
(L-ascorbic acid-2-phosphate) and an organic phosphate
source (B-glycerophosphate) with the aim of a better under-
standing of in vitro osteogenesis of ADPC which can allow
a better refinement to the current induction regime and its
application in bone engineering.

Materials and methods

Samples were collected from the abdominal region with approval from
the Institutional Review Board of National University Hospital, Singapore,
and written informed consent from donors (healthy females, mean
age =42 + 7.5 years undergoing elective liposuction). Aspirated adipose
tissue samples were washed with sterile PBS and digested with Collagenase |
(Gibco) at 37 °C with shaking for 1 h. After centrifugation at 1000g, the cell
pellet was resuspended and plated in Dulbecco’s modified Eagle’s medium
(Sigma, D 1152) with 10% fetal bovine serum (Hyclone) and cultured.
Passaging of cultures took place when 90% confluence was reached.

Experimental cell cultures and induction regimes. Cells were cultured at
a density of 3000 cells/cm® in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. For calcified matrix
staining and immunostaining for the bone matrix proteins, cells were
plated in 48-well plates (Nunc) and for collecting RNA samples, cells were
plated in 60-mm cell culture dishes (Nunc). For every experimental pro-
cedure, cells were plated in four groups according to four different
induction regimes (Table 1). Samples were assayed at Day 0, 7, and 28 of
induction under the four induction regimes.

Alizarin red S staining for calcified matrix. For each time point, the
culture medium was removed and washed twice with PBS. Cells were fixed
in 10% formalin solution for 10 min and stained with 200 pl 2% Alizarin
red S (Sigma, A5533) in each well for 5 min. The dye from the wells was

washed thoroughly with distilled water. Samples were evaluated under
microscope for identification of calcified nodules and were documented
with Leica DMIRB, Wetzlar, Germany.

Immunostaining for bone matrix-related proteins. For each time point,
the culture medium was removed completely and washed twice with PBS.
Samples were fixed in —20 °C methanol for 10 min and blocked with 10%
goat serum (Dako, X0907) for 1 h. Respective wells were incubated with
150 pl primary antibody dilutions for Collagen type 1 (1:500, Chemicon
ABO0745), Osteopontin (1:500, Chemicon AB1870), Osteonectin (1:1000,
Chemicon ABI1858), and Osteocalcin (1:500, Chemicon AB1857) for
90 min on a shaker. The primary antibodies were washed thrice with PBS,
Smin between washes. One hundred and fifty microliters secondary
antibodies (provided with Dako EnVision kit, K4011) was added for 1 h.
DAB solution was added to each well and incubated for 5 min and then
washed with water. Each sample was treated with hematoxylin for nuclear
staining.

Real-time PCR for absolute quantification of genes. RNA extraction,
deoxyribonuclease I (DNase I) treatment, and reverse transcription, PCR
standards preparation, quantitative real-time PCR were done as per the
established protocol by our group [11].

Primer design. Primers for genes of interest—RUNX-2 (5’ TCTTCCC
AAAGCCAGAGTG; CATGGGAAACTGATAGGATCC 3') and TAZ
(5 CGTGAAGTGGCCGTTCCC; AGGTGGTTCATGTACTTGGTCC
3’) were designed and selected the pairs which were found unique after
“blastn” (http://www.ncbi.nlm.nih.gov/BLAST/). Moreover, the unique
amplified products were confirmed on 3% agarose gel.

Results
VD3, BGP, and AA are essential for mineralization

The Alizarin red S staining of the ADPC cultures at Day 0
and Day 7 of induction showed no focus of mineralization
(Fig. 1A and insets, respectively). Cells cultured with combi-
nation of VD3 along with BGP and AA (Group 1), clustered
and formed distinct mineralization foci after 28 days of
induction (Fig. 1B) whereas cultures induced alone with
VD3 or with combination of BGP and AA did not show
any focus of mineralization (Fig. 1C and D, respectively).
Cells cultured with VD3 alone (Fig. 1C) or those with only
BGP and AA (Fig. 1D) also showed some tendency towards
cell clustering but failed to present mineralization.

Collagen type 1 secretion by ADPC is upregulated by BGP
and AA

Immunostaining at Day 0 for Collagen type 1 showed it
to be localized in the intracellular regions of ADPC
(Fig. 2A). Collagen type 1 was observed in all the Day 7
cultures with the highest expression in the VD3 /BGP*/
AA™ Group (Fig. 2D, inset). However, at the Day 28 cul-
tures, both VD3"/BGP'/AA™ and VD3 /BGP'/AA"
groups showed comparable amount of collagen type 1
expression (Fig. 2B and D). Collagen type I was also local-
ized at the extracellular regions of the cell clusters.

VD3 resulted in osteonectin, osteopontin, and osteocalcin
expression

After 7 days of induction, osteonectin (Fig. 3 insets),
osteopontin (Supplementary Fig. 1 insets), osteocalcin
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Table 1

Induction regimes
0.0l mM 1o,25- 50 mM ascorbate-2-
dihydroxy-vitamin phosphate (AA) + 10 mM
D3 (VD3) B-glycerophosphate (BGP)

Group-1 + +

Group-2 + -

Group-3 - +

Group-4 - -

(Supplementary Fig. 2 insets) proteins were not detected by
immunostaining in any of the four groups. However, after
28 days of induction, groups with VD3" in the induction

cocktail showed the presence of osteonectin in significant
amount (Fig. 3B and C) while negative osteonectin staining
was observed in the groups without VD3. The staining of
osteonectin, however appeared to be intracellular in the
case of VD3"/BGP~/AA™ (Fig. 3C) compared to the stain-
ing of the matrix in the VD3'/BGP"/AA" Group
(Fig. 3B). Osteopontin and osteocalcin were expressed in
significant amount only in the VD3"/BGP"/AA™ Group
at Day 28 (Supplementary Figs. 1B and 2B, respectively)
and not in the other three groups (Supplementary Figs.
1C-E and 2C-E, respectively). A summary table for Aliza-
rin red S staining and immunostaining of various bone
matrix protein could be found in Table 2.

(D) (VD3/BGP+/AAY)

™ -

(C) (VD3*/BGP/AA")

(E) (VD3/BGP/AA)

Fig. 1. Alizarin red S staining of ADPC cultures subjected to different induction regimes. (A) Uninduced Day 0 cultures. (B-E) Cultures of various
induction regime at Day 28 and Day 7 (corresponding insets). Staining showed no foci of mineralization at Day7 in any of the groups (insets). Cells
acquired fibroblastic morphology over the course of induction (contrast B-D with A and E). The VD3"/BGP"/AA" Group showed several foci of
mineralization at Day 28 with cell aggregations around the foci (arrows). Scale bar represented 200 pm.
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Fig. 2. Immunostaining of ADPC culture for collagen type 1. (A) Uninduced Day 0 cultures. (B-E) Cultures of various induction regime at Day 28 and
Day 7 (corresponding insets). At Day 7, the VD3 /BGP"/AA™ Group (B) showed the highest amount of collagen type 1 (D, inset) amongst the various
regimes. However, at Day 28, amount of collagen type 1 present in Group VD3'/BGP'/AA™ (B) and VD37 /BGP'/AA™ (D) showed higher and dense
clusters (arrows) of collagen type 1 expression compared to the other two groups. Collagen type 1 was observed to be localized at the clusters of cells (B,D).

Scale bar represented 200 pm.

VD3, BGP, and AA synergistically sustained osteoblastic
transcriptional gene expression

Each induced sample group was normalized to their cor-
responding uninduced sample to allow comparison of the
effects of different induction combinations. After 7 days
of induction, comparable and increased levels (>100% of
uninduced levels) of RUNX-2 was observed. However,
both Group VD3"/BGP/AA~ and VD3 /BGP'/AA™
had decreased levels of RUNX-2 (<100% of uninduced lev-
els) by Day 28, while only for Group VD3"/BGP"/AA™,
there was sustained RUNX-2 expression (>100% of unin-
duced levels) (Fig. 4A).

There were higher expression of TAZ in the VD3"/
BGP /AA~ and VD3 /BGP'/AA" Group compared to
the VD3"/BGP"/AA" Group at Day 7. However, a similar

trend as observed in the RUNX-2 transcript levels expres-
sion at Day 28, the TAZ expression level was sustained in
the VD3"/BGP'/AA" Group while that of the VD3*'/
BGP /AA~ and VD3 /BGP'/AA" declined steeply
(Fig. 4B).

Discussion

One of the main factors that determine the achievement
of in vitro osteogenesis by osteoblast-like cells is the secre-
tion of bone matrix-related proteins like osteonectin (ON),
osteopontin (OP), osteocalcin (OC) in addition to collagen
type 1 prior to and during the mineralization phase. The
cavities of the staggered structure of collagen type 1 are
the sites where hydroxyapatite crystallization starts [12].
Initially, the above mentioned non-collagenous proteins
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(D) (VD3 IBG P*lAA")

(E) (VD3/BGP/AA)

Fig. 3. Immunostaining of ADSC cultures for osteonectin. (A) Uninduced Day 0 cultures. (B-E) Cultures of various induction regime at Day 28 and Day
7 (corresponding insets). At Day 7, all groups did not show positive osteonectin immunostain. However, after 28 days of induction, the VD3"/BGP*/AA™
(B) and the VD3*/BGP™/AA™ (C) groups showed high expression of osteonectin. Osteonectin expression was observed to be localized with the cell

clusters (B,C). Scale bar represented 200 um.

act as nucleation cores on which hydroxyapatite (HA) crys-
tallization grows and finally these proteins surround the
HA crystals thereby controlling their final size and shape.
Our results (summarized in Table 2) showed that ADPCs
are observed to express genes and proteins associated with
an osteoblasts phenotype, only if cultured with all three
supplements (VD3"/BGP/AA™).

As seen from the results obtained from staining for cal-
cium deposition and immunostaining for bone matrix-
related proteins, it can be observed that calcium deposition
can only be seen in the cultures showing presence of all of
the above mentioned proteins in significant amounts; i.e. in
the cultures of Group 1 (VD3*/BGP"/AA™) but not in the
culture lacking any of these supplements. Thus, this con-
firmed that mineralization of matrix requires the interac-
tion of ON, OP, and OC with collagen type 1. The latter
fact was emphasized by our results that the VD37/

BGP"/AA™ though showed strong collagen type 1 staining
but failed to mineralize; similarly the cultures treated with
VD3 expressed ON in significant amounts and OP and OC
to an insignificant extent but also showed no
mineralization.

Vital role of 1a,25-dihydroxycholecalciferol in osteo-
blastic differentiation and final maturation is well-docu-
mented [10,13]. Vitamin D3 not only cross-talk with
RUNX-2 to help in osteoblastic differentiation but also
induces synthesis and secretion of bone matrix-related pro-
teins especially ON, OP, and OC to attain mineralized
matrix [14]. It can be concluded from our results that the
cultures treated with 1o,25-dihydroxycholecalciferol
showed the expression of bone matrix-related proteins is
independent of the presence or absence of L-ascorbic
acid-2-phosphate or B-glycerophosphate but the bone
matrix protein concentrations are significantly higher in
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Fig. 4. Real-time RT-PCR analyses for (A) RUNX-2 and (B) TAZ. y-axis referred to % expression levels normalized to uninduced sample levels (Group
VD37 /BGP7/AA"™). (A) After 7 days of induction, the levels of RUNX-2 expression were comparable across Group 1-3. After 28 days of induction, the
level of RUNX-2 decreased for Group 2 and 3 while RUNX2 expression was sustained in Group 1. The levels observed in Group 2 and 3 were also lower
than that of the uninduced group (<100% of uninduced levels). *p < 0.05; compared to Day 28 samples of Group 2 and 3. (B) After 7 days of induction, the
levels of TAZ expression of Group 2 and 3 were higher than that of Group 1. But there was sustained TAZ expression after 28 days of induction in Group
1 with a drastic drop of TAZ in Group 2 and 3 to below that observed in the uninduced group (<100% of uninduced levels). *p < 0.05, compared to Day 28
sample of Group 1; @p < 0.05, compared to Day 28 samples of Group 2 and 3.

Table 2

Summary table for Alizarin red S staining and immunostaining of various bone matrix proteins

Group Mineralization Collagen type Osteonectin Osteopontin Osteocalcin
1 ++ ++++ +++ ++ +

2 - ++ ++ - -

3 - ++++ - -

4 (uninduced) - + — — —

the cultures treated with all the three components. This
also indicates the synergistic effect of VD3 with B-glycero-
phosphate and r-ascorbic acid-2-phosphate and shows the
essentiality of all three components to achieve osteoblastic
transformation and thereby assisting mineralization.

An indicator of mature bone is the presence of osteocal-
cin (OC) in the matrix. In vitro experiments proved a che-
motactic activity of osteocalcin for monocytes and
osteoclasts and an activation of initial adherence of pre-
osteoclasts [15]. Data accumulated so far indicated that

OC acts as a negative regulator of bone turnover and a sup-
pressor of mineralization [16]. Although OC is not essential
for mineralization, it is highly expressed during the last
stage of bone formation [16]. According to our results,
identification of OC in those cultures treated with VD3
with B-glycerophosphate and L-ascorbic acid-2-phosphate
showed that the cells have attained mature osteoblastic
characteristics with OC in the mineralized matrix.

The master conductor of the genetic orchestra regulating
osteoblastic lineage commitment and differentiation,
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RUNX-2 is also expressed by ADPCs in our study.
RUNX-2 is essential for skeletal development during
embryogenesis [17]. Interestingly, many of the vitamin
D3-regulated genes are also under the transcriptional con-
trol of RUNX-2. Cross-talk of the osteogenic signals of
RUNX-2 and VD3 at bone-specific promoters may repre-
sent an important component of the mechanisms mediating
tissue-specific expression of osteoblast phenotypic genes
[14]. One of the most important roles of RUNX-2 in osteo-
genesis is observed when pluripotent mesenchymal cells are
committed to the bone cell linecage prior to expression of
osteoblast phenotype [10]. This fact explains our observa-
tions of higher levels of RUNX-2 at day 0 in ADPCs,
which further supports that ADPCs could be a good sub-
stitute for osteoblast-like cells. RUNX-2 mediated chroma-
tin remodeling that facilitates promoter accessibility and
integration of regulatory activities require VD3 [10] and
thus cultures of Group 1 (VD3"/BGP"/AA™) showed sig-
nificant levels of bone matrix-related proteins in immuno-
staining studies also showed consistent expression of
RUNX-2 over the study period. It was observed in all
our cultures that consisted of VD3 and/or BGP and AA,
that RUNX-2 was upregulated (relative to the uninduced
group) at Day 7. However, there is no sustainable expres-
sion of RUNX-2 in the induction cultures with less than
the complete list of VD3, BGP, and AA. It was arguable
that the downregulation of RUNX-2 at Day 28 of the
group lacking either one or two of the three induction com-
ponents could be due to the possibility that RUNX-2 had
completed transcriptional initiation of the osteoblastic dif-
ferentiation mechanism. Counteracting that argument,
since ADPCs are expected to be further away from mature
osteoblasts than pre-osteoblasts, it is possible that ADPCs
would require a prolonged effect of RUNX-2-mediated
transcriptional process. It was perhaps to change the epige-
netic control of ADPC’s previous identity as they differen-
tiated towards the osteoblastic lineage. This view is further
supported by our observation in immunostaining assays
that a distinct expression of osteocalcin, osteonectin, and
osteopontin was only observed, not at Day 7 but at a pro-
longed time point at Day 28. Our real-time data also sup-
ported this second view. It is also noted that the VD3"/
BGP'/AA" Group showed a sustained level of TAZ
expression which is one of the proposed indicators of the
degree of differentiation of MSCs towards the osteoblastic
lineage [18]. TAZ acts downstream to RUNX-2 and assists
in secretion of bone matrix-related proteins. This is argu-
able that the decrease in the absolute levels of RUNX-2
and TAZ at day 7 and day 28 could be due to conclusion
of their role in differentiation of the cells in VD3"/
BGP /AA~ and VD3 /BGP"/AA" Groups. However,
this explanation is not supported by the lack of mineraliza-
tion at Day 28 of induction of these two groups. Thus, the
more probable explanation is that there is a synergistic
relationship  between  1-a,25-dihydroxycholecalciferol,
B-glycerophosphate, and r-ascorbic acid-2-phosphate in
the maintenance of relatively higher levels of RUNX-2

and TAZ mRNA over the time course of transdifferenti-
ation towards osteoblastic lineage.

In conclusion, our study showed that VD3 plays impor-
tant role in the expression of bone matrix-related proteins
by ADPCs and that B-glycerophosphate and L-ascorbic
acid-2-phosphate are important synergists to VD3 in
attaining mineralized matrix.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.
2007.07.112.
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