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Dexamethasone Induces Human Spinal Ligament
Derived Cells Toward Osteogenic Differentiation
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Abstract Ossification of spinal ligament is characterized by heterotopic bone formation in the spinal ligaments that
are normally composed of fibrous tissues. The pathogenesis of ossification of spinal ligament has been suggested to be
associated with osteogenic differentiation of the spinal ligament cells. In order to address this hypothesis, cells derived
from human spinal ligament were investigated for their osteogenic potential by the treatment of dexamethasone in vitro.
Yellow ligaments were obtained from patients with spinal disorders except ossification of spinal ligament during surgery,
and the adhering tissues were removed completely. Most of the ligament cells treated with vehicle exhibited a fibroblast-
like spindle shape, while the dexamethasone-treated cells acquired a polygonal morphology. Growth of the ligament cells
was suppressed by dexamethasone at a high concentration. Some of the vehicle treated-cells were alkaline phosphatase-
positive, and dexamethasone increased the alkaline phosphatase-positive cells and alkaline phosphatase activity in the
cells. Northern blot analysis demonstrated that mMRNAs expression of pro-a.1(l) collagen and alkaline phosphatase were
promoted by dexamethasone. Analysis by reverse transcription-polymerase chain reaction showed that expression of
osteocalcin mRNA was detected in the dexamethasone-treated cells but not in the vehicle-treated cells, and
dexamethasone-induced osteocalcin mMRNA expression was promoted by 1,25-dihydroxyvitamin Ds. Finally, miner-
alization of extracellular matrix in the cells was induced by the presence of dexamethasone and 1,25-dihydroxyvitamin
Dj;. These results suggest for the first time that dexamethasone has a possible involvement in the osteoblastic differentiation
of human spinal ligament cells. J. Cell. Biochem. 92: 715-722, 2004. © 2004 Wiley-Liss, Inc.
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Ossification of spinal ligament occurs most
frequently in Asian population. It often leads
to the induction of compression of spinal cord
and subsequent myelopathy or radiculopathy
[Epstein, 2002]. Generally attempts to treat the
ossification of spinal ligament using various
types of surgical approaches have largely been
unsuccessful due to the insufficient decompres-
sion of spinal cord. Currently very few ther-
apeutic agents have satisfactory effect on the
inhibition of the ectopic ossification. Etiological
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studies of the ossification of spinal ligament
have shown possible links between ossification
of spinal ligament and some genetic factors
[Okawa et al.,, 1998; Sakou et al., 2000;
Shirakura et al., 2000; Shiigi et al., 2001;
Furushima et al.,, 2002]. In addition, bone
morphogenetic proteins (BMPs) and BMP
receptors have been indicated as the main factor
to produce the pathologic ossification [Kon et al.,
1997; Yonemori et al., 1997; Tanaka et al.,
2001]. Furthermore, in the cultured human
spinal ligament derived cells, several factors
including transforming growth factor-p [Inaba
et al., 1996], insulin-like growth factor I [Goto
et al., 1998], CTGF/Hcs24 [Yamamoto et al.,
2002], and mechanical stress [Ohishi et al.,
2003; Tanno et al., 2003] have been reported to
be involved in the osteogenic differentiation of
these cells.

Osteoblastic differentiation is also closely
regulated by hormones [Stein et al., 1990; Lian
et al., 1999], and we previously demonstrated
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that parathyroid hormone, calcitonin, prosta-
glandin E,, and 1,25-dihydroxyvitamin Dsj
could be associated with the osteogenic differ-
entiation of cultured human spinal ligament
derived cells [Ishida and Kawai, 1993]. In
contrast, dexamethasone, a synthetic glucocor-
ticoid, is one of the potent stimulants that could
induce expression of osteoblastic phenotypic
markers in both immature osteoblasts and in
less-committed cells [Rickard et al., 1994]. It
has been demonstrated that dexamethasone
induced alkaline phosphatase (ALP) activity
and cAMP responses to parathyroid hormone
and prostaglandin Es, and mineralization of
human bone marrow derived stromal cells
[Cheng et al., 1994]. Dexamethasone has also
been reported to exert modulatory effects on
osteogenesis of various bone-forming cells in
organ cultures with or without other glucocor-
ticoids such as 1,25-dihydroxyvitamin D3 and
retinoic acid [Nishimoto et al., 1987; Kim and
Chen, 1989; Ng et al., 1989].

Given the pathogenesis of ossification of
spinal ligament has been suggested to be associ-
ated with osteogenic differentiation of spinal
ligament cells, we examined the ability of liga-
ment cells derived from human spinal liga-
ments to develop osteoblast phenotypic markers
in the presence of dexamethasone. Here, we
suggest for the first time that dexamethasone
could be involved in the osteoblastic differentia-
tion of human spinal ligament cells.

MATERIALS AND METHODS
Cell Isolation and Culture

Yellow ligaments of the lumbar spine were
obtained from 23 adult patients with spinal
disorders except ossification of spinal ligament
during surgery, and the adhering tissues were
removed completely under aseptic conditions.
The fresh ligaments were cut into pieces and
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco BRL, Life technologies, Inc.,
Rockville, MD) supplemented with 10% fetal
bovine serum, penicillin (100 U/ml) and strep-
tomycin (100 pg/ml) at 37°C in a humidified
atmosphere of 95% air and 5% CO,. The out-
grown cells were harvested before confluence
and subcultured after trypsinization with
0.05% trypsin and 0.53 mM EDTA. The first
passaged cells were cultured in DMEM contain-
ing 10% fetal bovine serum with vehicle or
various concentrations (10 '°~107¢ M) of dex-

amethasone, and used for each assay. Dexa-
methasone (Sigma Chemical Co., St. Louis, MO)
were dissolved in ethanol, and the final concen-
tration of ethanol in the medium was 0.01%.

The diagnosis of ossification of spinal liga-
ment was performed on the basis of clinical
symptons and radiologic examinations using
X-ray photograph and computed tomograph of
the spine. All subjects were Japanese, and were
excluded if they had diseases known to affect
bone metabolism. The study was approved by
the Institutional Review Board at Yamaguchi
University Hospital, and all patients gave
informed consent.

MTT Assay

The first passaged cells were plated at a
density of 10%well in 96-well plates and cul-
tured in DMEM containing 10% fetal bovine
serum with vehicle or various concentrations
(1071°-107% M) of dexamethasone for 48 h.
Cell growth was measured using 3-(4,5-
dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium
bromide (MTT) assay kit (Chemicon Interna-
tional, Inc., Temecula, CA) according to the
manufactural procedure. In brief, the cells were
tapped after the addition of 10 pul of MTT and
incubated at 37°C for 4 h followed by the addi-
tion of 0.1 ml of isopropanol/HCl solution to each
well. The absorbence at 570 nm was measured
using a plate reader [Mosmann, 1983].

ALP Staining and Activity Assay

The first passaged cells were plated at a
density of 5 x 103 cells/cm? in 6-well plates for
ALP staining and in 10 c¢cm dishes for ALP
activity assay, and cultured in DMEM contain-
ing 10% fetal bovine serum with vehicle or
various concentrations (10~'°-107¢ M) of dex-
amethasone for 8 days.

ALP staining was performed according to
the manufactural procedure (Sigma diagnos-
tics, St. Louis, MO). In brief, the cells were
rinsed with phosphate buffered saline and fixed
in citrate buffered acetone. Alkaline-dye solu-
tion was added and stained for 30 min at room
temperature in dark. The cells were then rinsed
with water and air-dried [Howlett et al., 1986].

ALP activity was measured as descried pre-
ciously [Leboy et al., 1989]. In brief, the cells
were washed three times with ice-cold phos-
phate buffered saline. They were then homo-
genized and the optical density was determined
at 405 nm using a spectrophotometer. The
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amount of protein in each cell extracts was also
measured as described by Bradford [1979],
and each ALP activity was normalized by the
amount of protein.

Northern Blot and Reverse
Transcription-Polymerase Chain Reaction
(RT-PCR) Analysis

The first passaged cells were plated at a
density of 5x 10% cells/em? in 10 cm dishes
and cultured in DMEM containing 10% fetal
bovine serum with vehicle or 107 ® M dexa-
methasone for 8 days. In RT-PCR analysis, the
cells were also cultured with combination treat-
ment of 107® M dexamethasone and 107® M
1,25-dihydroxyvitamin D3 in the same condi-
tion. 1,25-dihydroxyvitamin Ds was dissolved in
ethanol, and the final concentration of ethanol
in the medium was 0.01%. Total cellular RNA
was extracted by a single step method using
TRIzol reagent according to the manufactural
protocol (Gibco BRL).

Expression of mRNAs of pro-a1(I) collagen
and ALP was determined by Northern blot
analysis. Aliquots of 20 pg of total were electro-
phoresed in 1.2% agarose-formaldehyde gels
and transferred onto nylon membranes. The
total RNA bound to the membranes was then
hybridized with cDNA probes for rat pro-o1(I)
collagen [Genovese et al., 1984], human ALP
[Weiss et al., 1986], and human glyceralde-
hydes-6-phosphate dehydrogenase (GAPDH).
Labeling of probes was performed by using
random primers and Klenow fragment ac-
cording to the method described previously
[Feinberg and Vogelstein, 1983]. Hybridization
was performed in the solution containing 5x
SSC, 10x Denharts’ solution, 10 mM NayPOy,
0.5% SDS, 50% formamide, and 0.1 mg/ml
ssDNA. The extent of hybridization of probe to
membranes was determined by autoradiogra-
phy and quantitated densitometrically using
NIH image.

Expression of osteocalcin mRNA was ana-
lyzed by RT-PCR. Aliquots of 2 ug of total RNA
were reverse-transcripted to cDNA according to
the manufactural procedure (Gibco BRL). PCR
was performed with 20 ng of ¢cDNA using
puReTaq Ready-To-Go PCR beads (Amersham
Biosciences, Buckinghamshire, England) using
a Thermal Cycler. The primer sequences for
amplification were as follows: human osteocal-
cin foward primer, 5-ATGAGAGCCCTCACAC-

TCCTC-3’; human osteocalcin reverse primer,

5-CGGGCCGTAGAAGCGCCGATA-3'; human
GAPDH foward primer, 5'-GGTGAAGGTCG-
GAGTCAACGG-3'; human GAPDH reverse
primer, 5-GGTCATGAGTCCTTCCACGAT-3'.
PCR conditions for each primer couple were
95°C for 30 s, 58°C for 30 s, 72° for 60 s at
35 cycles for osteocalcin and at 25 cycles for
GAPDH. The PCR products were electrophor-
esed on 3% agarose gel and stained with
ethidium bromide and quantitated using NIH
image.

von Kossa Staining

The first passaged cells were plated at a
density of 5x 103 cells/em? in 10 cm dishes
and cultured with 1078 M dexamethasone for
4 weeks in DMEM containing 10% fetal bovine
serum, 2 mM B-glycerophosphate, 50 pg/ml
ascorbic acid, and 1078 M 1,25-dihydroxyvita-
min D3;. We used the 2 mM B-glyceropohsphate,
because, in the long-term cell culture, 10 mM j-
glycerophosphate might cause abnormal miner-
alization. The cells were fixed with ethanol for
5 min and rinsed with water, and exposed to
light for 1 h following to the addition of 5% silver
nitrate solution. The dishes were rinsed with
water and the residual silver nitrate was
neutralized by 5% sodium thiosulfate.

Statistics

Data were expressed as mean + SE. Analysis
using the one way ANOVA was performed, and
P value of smaller than 0.05 was taken to
indicate significant differences.

RESULTS
Cell Morphology and Proliferation

Most of the cells treated with vehicle exhib-
ited a fibroblast-like spindle shape, while in the
presence of dexamethasone the cells acquired
a polygonal morphology (Fig. 1a,b). The mor-
phological transformation in dexamethasone-
treated cells was observed at day 4, and the
colony constituted of polygonal cells increased
until the cells reached confluence at day 8.

Treatment with dexamethasone exhibited a
slight inhibition of cell proliferation in a dose
dependent manner. Significant inhibition was
observed in the 10~ ®M dexamethasone (Fig. 1c).
These results were within the linear range of
absorbance for a standard curve for increasing
cell number.
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Fig. 2. Effects of dexamethasone on alkaline phosphatase (ALP)
stain and activity of human spinal ligament cells. a: The cells
were cultured with vehicle (left) or 107 M dexamethasone (right)
for 8 days as described in the ““Materials and Methods.”” b: The
cells were cultured with vehicle or dexamethasone (10~'°—
10~° M) for 8 days as described in the ““Materials and Methods.”’
Bars represents mean & SE (n =8). *P < 0.05 versus vehicle (one
way ANOVA). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

ALP Staining and Activity

The positive ALP activity in the cells was
characterized by a violet coloration. The results
showed that there are many colonies demon-
strated positive reactions in the dexametha-
sone-treated cells (Fig. 2a). The staining was
often localized in cells with polygonal or cuboi-
dal appearance in their cytoplasmic area. Some
of the vehicle treated-cells were also ALP
positive.

Fig. 1. Effects of dexamethasone on cell morphology and
proliferation of human spinal ligament cells. a, b: The cells were
cultured with vehicle (a) or 107 M dexamethasone (b) for 8 days
as described in the “Materials and Methods.” c: The cells were
cultured with vehicle or dexamethasone (107'°~107° M) for 48 h
and the proliferation was determined by MTT assay as described
in the ““Materials and Methods.” Bars represents mean + SE
(n=8). *P< 0.05 versus vehicle (one way ANOVA).
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In order to determine the optimal concentra-
tion of dexamethasone for the induction of ALP
activity of the cells, ALP activities were mea-
sured. Dexamethasone enhanced the ALP
activity of the cells, with almost maximum
activity achieved at 10°® M (Fig. 2b). In the
following experiments, we chose 10°® M dex-
amethasone on the basis of the fact that its
concentration in human is very low.

Gene Expressions of Osteoblast Related Markers

Northern blot analysis demonstrated that
mRNA expressions of pro-a1(I) collagen and
alkaline phosphatase were promoted by dex-
amethasone (Fig. 3a,b). Analysis by RT-PCR
showed that expression of osteocalcin mRNA
was detected in the dexamethasone-treated
cells but not in the vehicle-treated cells, and
dexamethasone-induced osteocalcin mRNA
expression was promoted by 1,25-dihydroxy-
vitamin D3 (Fig. 3c).

Mineralization

For analysis of mineralization potential, the
cells were cultured in medium supplemented
with B-glycerophosphate, ascorbic acid, and
1,25-dihydroxyvitamin Ds. The adherent layers
of the cells treated with dexamethasone demon-
strated mineralized material that stained posi-
tively with the von Kossa technique (Fig. 4), and
the number of mineralization nodule was
0.12+0.8 per cm? The extracellular matrix,
possibly consisted of collagen, deposited in a
lamella fashion at day 8, and the matrix
acquired thickness with multilayer during the
4-week culture period.

DISCUSSION

This is the first report investigating the
effects of dexamethasone on human spinal
ligament cells. Cells of ligament tissue differ-
entiation into osteoblastic cells may result in
the ectopic ossified tissue formation. In the
present study, we demonstrated that dexa-
methasone induced human spinal ligament
cells toward differentiation of osteoblastic phe-
notypes. These include apparent morphological
transformation from spindle-like into polygonal
shapes, increase of ALP activity, and miner-
alization of extracellular matrix. Since dexa-
methasoneis a potent osteoinductive substance,
it can be a causative factor in ossification of
spinal ligament.
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Fig. 3. Effects of dexamethasone on the mRNAs expression of
human spinal ligament cells. The cells were cultured with
vehicle or 107® M dexamethasone for 8 days and the total RNA
was extracted from the cells as described in the ““Materials and
Methods.” a: Representative Northern blot photograph of
mRNAs for pro-a1(I) collagen (collagen 1), alkaline phosphatase
(ALP) and glyceraldehyde-6-phosphate  dehydrogenase
(GAPDH). b: Histogram of the relative mRNAs expression of
collagen | and ALP standardized by GAPDH. Bars represents
mean £ SE (n=7). *P < 0.05 versus vehicle (one way ANOVA).
c: Detection of osteocalcin mRNA expression by the RT-PCR
analysis. The cells were also cultured with combination
treatment of 107® M dexamethasone and 1078 M 1,25-
dihydroxyvitamin D5 in the same condition.
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Fig. 4. Representative von Kossa staining of human spinal
ligament cells. The cells were cultured with 107 M dexametha-
sone in the medium containing with pB-glycerophosphate,
ascorbic acid and 1078 M 1,25-dihydroxyvitamin Dj for 4 weeks
as described in the ““Materials and Methods.”’

Although relatively high concentration of
dexamethasone was required for the suppres-
sion of the proliferation, the result from the
MTT assay may support the concept that proli-
feration was down-regulated prior to the onset
of differentiation toward osteoblastic cells
[Owen et al., 1990]. Cells of osteogenic lineage
express characteristically high levels of ALP
which is a typical indicator of osteogenic differ-
entiation [Leboy et al., 1991]. Thus, the meas-
urement of ALP activity in cell extracts
obtained from cultures was performed preli-
minary to determine the optimal conditions
such as dose and timing of the addition for the
treatment with osteotropic hormones and used
for an evidence of enhanced differentiation of
the ligament cells to an osteoblastic lineage.

Many investigators have been reported the
ability of dexamethasone to induce osteogenic
differentiation in various cell cultures. Leboy
et al. [1991] demonstrated that growth of rat
marrow stromal cells with dexamethasone in
both primary and secondary cultures can yield a
population of cells with mRNA patterns char-
acteristic of osteoblasts: high levels of ALP
mRNA as well as vitamin D-inducible osteocal-
cin mRNA. Extracellular matrix proteins in
bone such as collagen type I, ALP, and osteo-
calcin were also shown to be increased by
dexamethasone in a culture system using rat
bone marrow cells [Kasugai et al., 1991]. In
contrast with these data, several studies indi-
cated inhibitory effects of glucocorticoids on the
osteoblastic differentiation cell culture systems,
that is glucocorticoids inhibit collagen synthes-
is [Wong, 1979], protein synthesis [Peck et al.,
1967], and cell proliferation [Chenetal.,1977]in

isolated osteoblastic cells in vitro. This discre-
pancy may be related to the difference in
glucocorticoid treatment, such as the dose, dura-
tion, timing of the steroids added and the cell
type studied [Wong et al., 1990]. In addition, the
heterogeneity of the cell population may also be
associated with the complexity of the effect of
glucocorticoids.

Our findings showed that dexamethasone
increases ALP activity, enhances mRNA expres-
sion of osteoblast markers and induces mineral
deposition, although the relative change of ALP
activity appears to be emphasized because that
of vehicle-treated ligament cells was very low.
These results suggest that cells derived from
human ligament cells were capable of differ-
entiation into osteoblastic lineage by gluco-
corticoids. In addition, it is noteworthy that
some of the ligament cells were ALP-positive
without dexamethasone treatment. This result
suggest the heterogeneous population consist-
ing human ligament tissues, that is cells of
osteoblastic lineage, might exist in the ligament
tissue but require extracellular stimulants for
generation of ossified tissue in vivo.

The mechanisms of glucocorticoid induced
bone formation in ligament cells, however,
remain unclear. It has been shown that gluco-
corticoids induce the expression of BMP-6
whereas BMP-6 antisense oligonucleotide in-
hibited the bone nodule formation of glucocorti-
coids-treated osteoblasts [Boden et al., 1997],
suggesting that BMP-6 may play a critical
component of the osteoblast differentiation
pathway. It is possible that dexamethasone-
induced osteoblastic differentiation observed in
the cultured ligament cells may be secondary
regulated by such an intrinsic growth factor
including BMP-6, though the expression of
BMP-6 in human ligament cells has not been
investigated.

In conclusion, the present findings suggest
that human ligament tissue could have a cell
population that responds to glucocorticoids and
differentiate towards osteoblastic lineage. It is
possible that spinal ligament tissue have the
potential to induce heterotropic ossification,
although whether glucocorticoid is involved in
this process is still unclear.
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