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ABSTRACT

Human mesenchymal stem cells are able to differentiate into bone, muscle,
cartilage or fat tissues. Our preliminary study with human mesenchymal cell line
(HS-5) showed that HS-5 cells could differentiate to bone, cartilage and muscle but
not fat cells as determined by histochemical staining of phenotypes. We have
further studied the influence of oxidative stress on the switch between bone and fat

cell differentiation.

Results showed that oxidative stress started with exogenous superoxide,
produced by the interaction of xanthine oxidase and hypoxanthine, promoted the
differentiation of osteogenic lineage showing expression of osteocalcin and bone
nodule formations. The mechanism was investigated and superoxide was found to
induce ERK (extracellular regulated signal kinase) activation; and then the
expression of osteogenic specific transcriptional factor (CBFAI). A plasmid
containing ras-mutant (Ser 17 Asn) which can inactivate the expression of ERK was
transfected into the HS-5 cells for studying the influence of oxidative stress on
ras-mutated mesenchymal cells. Surprisingly, it was found that oxidative stress did
not promote osteogenesis but it enhanced adipogenesis from the ras-mutated HS-5
cells. Further studies indicated that superoxide neither induced ERK activation
nor CBFA1 expression, but it did enhance expression of adipogenic specific
transcriptional factor (C/EBPo) and lipoprotein lipase in the ras-mutated

mesenchymal cells.

Taken together, the study model to induce the bone cell differentiation from
human mesenchymal stem cells may be employed to make bone cells for tissue

engineering.



Introduction:
Mesenchymal stem cells (MSCs) can grow into bone, cartilage, muscle, fat and
other tissues (1). In a pilot study with human mesenchymal cell (HS-5) line, we found

that HS-5 cells could differentiate to bone, cartilage and muscle but not fat cells as

shown below:

Cell counting Cell culture Culture days

Day 0
Day 6
Day 15
Bone cells Cartilage cells Muscle cells Fat cells
(48.2%) (31.6%) (21.2%) (0%)
Silver Chondrotin Myotubulin Oil Red O Stains



Since Ras expression and superoxide have recently been implicated in mesenchymal
cell differntiation (2,3), and switching of adipogenesis to osteogenesis in bone
marrow has been proposed to treat osteopenic disorders (4). Employing an in vitro
mesenchymal cell differentiation model, we have further studied how oxidative stress
and ras gene expression modulate the bone cell differentiation in order to make bone

cells for tissue engineering.

Bone

Mesenchymal cells

Results from this study model may provide better information applicable for
bone tissue engineering by manipulating different gene expression and redox status in

the future.



MATERIALS & METHODS

Materials:

Human bone marrow mesenchymal cell (HS-5) line was obtained from American
Type Culture Collection (ATCC, Manassas, VA). A ras dominant negative mutant
construct (Ser 17 Asn) was purchased from Upstate Biotechnology (Lake Placid, NY).
The liposome transfection reagent, FuGene'™ 6, was obtained from Roche
Diagnostics Co. (Indianapolis, IN). Aminoglycoside, G418, was acquired from Life
Technologies (Gaithersburg, MD). Myelin basic protein, AgNO3, Oil Red O and
Dulbecco’s modified Eagle medium (DMEM) were from Sigma Inc. (Saint Louis,
MO). Anti-Ras (Upstate Biotechnology), anti-osteocalcin (Biogenesis Technology,
England, UK), anti-lipoprotein lipase (PROGEN Biotechnik, Heidelberg, Germany),
anti-C/EBPo and anti-CBFA1 (Santa Cruz Biotechnology, Inc. CA) were used for

Western blot analysis of signal transductions.

In vitro culture and differentiation of mesenchymal cells:

HS-5 cells (5x10° cells/well, 6 well-plate) were cultured in DMEM containing 10%
fetal bovine serum at 5% CO,, 37°C incubator. One half of culture medium was
replaced by fresh medium every 3 days. Cells were harvested by trypsinization and
re-suspended in medium for studies. Silver staining (von Kossa staining), Oil Red O
staining, and immunostaining of chondrotin proteoglycans and myotubulin were,

respectively, utilized to identify bone, fat, chondrocyte and muscle cell differentiation

).

Transfection of a dominant negative ras construct
Bone marrow HS-5 cells (5x105 cells/well) were transfected with 3 g dominant

negative Ras mutant cDNA plasmid (Asn-17 rasH) using FuGENE™ 6 transfection



reagent according to the direction of the commercial kit. After removal of medium,

the transformed cells were selected in the culture containing 400 pg/ml G418 (5).

FuGENE™ 6
Asn-17 ras
Dominant promoter G418-resistant gene
normal ras Asn-17 mutated ras

Oxidative modulation of mesenchymal cell differentiation

Oxidative stress was induced by the superoxide production from the reaction of
xanthine oxidase (250 pU/ml) with hypoxanthine (10 mM). The HS-5 cells incubated
with this oxidative stress were cultured for 6 hours, 24 hours and 7 days for Western
blot analysis of signal transductions (3,5). The culture supernatants from the cells with
and without oxidative stress for 2 hours were harvested on day 3 for enzyme-linked
immunoassay (ELISA) of growth factor (TGF and IGF-I) production. The cells with
and without this oxidative stress were also subject to histochemical staining of cell

differentiation after culture for 15 days.

Detection of signal transduction pathway by Western blot analysis :

Ras activation, ERK (extracellular signal regulated kinase) activation,
osteogenic/ adipogenic transcription factor (CBFA1/ C/EBPa) expression, and cell
differentiation markers (osteocalcin / lipoprotein (LP) lipase) were determined by

Western blot analysis. Cells (1 x 107 cells) harvested from differently conditioned



cultures as indicated were lysed with 200 pl of the ice-cold buffer containing 10 mM
Tris, pH 7.9, 10 mM KCIl, 2 mM MgCl,, 0.1 mM EDTA, 0.7% NP-40 on ice for 10
min. The cytosol was separated from nuclei by centrifugation at 500 pug for 5 min.
The nuclei pellets were further lysed with a buffer containing 40 mM Tris, pH 7.9,
350 mM NacCl, 2mM MgCl,, | mM EDTA, 0.2 mM EGTA, 20% glycerol, 1% NP-40,
I mM phenylmethylsulfonyl floride, 2 uM DTT, 2ug/ml leupeptin and 1pg/ml
aprotinin (Sigma Chemicals Inc., St. Louis, MN, USA) on ice for 20 min and
harvested by centrifugation at 12,000 g, 4°C for 10 min. Protein concentrations in the
cytosolic and nuclear extracts were determined by Bio-Rad assay kit (Bio-Rad
Laboratories, USA) (3,5). Protein samples from different conditions were loaded for
determination of the signal cascade as described below:

A. Measurement of Ras activation was determined by Raf-1 affinity
precipitation, followed by anti-Ras Western blot analysis of peroxidase-mediated
chemiluminescence imaging. In brief, the activated Ras in 500 pg cytosol extracts
were precipitated by Raf-1 agarose before loaded into 12 % SDS-PAGE. The
activated Ras protein was recognized by the Ras antibody conjugated with
horseradish peroxidase that could react with a substrate and develop a
chemiluminescence for photo imaging (3).

B. Measurement of ERK activation, CBFA1 and C/EBPoa expression was
determined by immunoprecipitation with specific antibody, followed by Western blot
analysis. In brief, crude cytosol or nuclei extracts (500 pg) were immunoprecipitated
by specific antibody (2.5 ug) and pelleted with protein A agarose. The protein in the
pellets was loaded to a 12 % SDS-PAGE and transferred to a nitrocellulose membrane
for the Western blot analysis of peroxidase-conjugated chemiluminescence imaging.

C. Detection of bone and fat cell maturation markers (osteocalcin / lipoprotein

(LP) lipase) were determined by Western blot analysis of osteocalcin and LP lipase
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using specific antibodies. In brief, crude cytosol extracts (20 pg) were loaded to a 12
% SDS-PAGE and transferred to a nitrocellulose membrane for the Western blot

analysis of peroxidase-conjugated chemiluminescence imaging.

Measurement of TGFPB and IGF-I production by ELISA

Culture supernatants from the HS-5 cells with and without oxidative stress for 3

days were harvested for measurement of TGFf3 and IGF-I production as previously

described (3).

RESULTS:
Transformation of ras-normal HS-5 cells to rasl7 Asn-mutated HS-5 cells.

Human bone marrow mesenchymal stem cells (HS-5, 5x10° cells/well)
cultured in DMEM for overnight were transfected with 3 ug of the ras dominant
negative plasmid containing a replacement of serine with asparagines at position
17. Since the Ser-17-Asn ras mutant also contains an antibiotic (G418) resistant
gene, the transformed cells could be selected by the culture with G418 (400 pg/ml).
As shown in Figure 1, we could identify the ras-17Asn transformed HS-5 cells,
showing negative Ras protein expression as determined by Western blot analysis

with anti-Ras specific antibody.

Wild type ras cells  ras(S17N)-mutated cells

Activated Ras

Fig 1. Transformation of wild type ras HS-5 cells to ras dominant
negative HS-5 cells



Oxidative stress induced bone and fat cell differentiation, respectively, in wild type
ras and ras(S17N)-mutated HS-5 cells

Studies were started with a 2 x 2 factorial design. Wild type ras and
ras(S17N)-mutated HS-5 cells (1x10° cells/well) suspended in 24-well plates were
treated with and without exogenous O, produced by the catabolization of
hypoxanthine (10 mM) with xanthine oxidase (250 pU/ml) for 2 hours. After
washing out hypoxanthine and xanthine oxidase, the cells were cultured in DMEM
medium for 15 days. Results showed that the wild type ras HS-5 cells
differentiated into mainly bone nodules as shown by von Kossa staining but not
lipid-containing cells as demonstrated by Oil Red O staining (left panel, Figure
2A). In contrast, the ras(S17N)-mutated HS-5 cells differentiated into mainly
lipid-containing cells as demonstrated by Oil Red O staining but not osteogenic
bone nodules as shown by von Kossa staining (right panel, Figure 2A). The
microscopic morphology (100 X magnification) shown in Figure 2B was

compatible to those gross pictures shown in Figure 2 A.



A. Gross observation of cell differentiation

Wild type ras HS-5 cells ras(S17N)-mutated HS-5 cells

Oxidative stress . . . Oxidative stress
. Silver stain Oil Red O Silver stain Oil Red O .
(Superoxide) (Superoxide)

B. Microscopic observation of cell differentiation

Wild type ras HS-5 cells ras(S17N)-mutated HS-5 cells

Silver stain Oil Red O Silver stain Oil Red O

Oxidative stress Oxidative stress

)

(+)

Fig 2. Influence of oxidative stress on wild type ras and ras(S17N)-mutated HS-5
cell differentiation (100 X magnification)
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Oxidative stress mediated different signals in wild type ras and ras(S17N)-mutated
HS-5 cells.

To explore the oxidative stress-mediated signal transductions in wild type ras
and ras(S17N)-mutated HS-5 cells, we assessed changes of the signaling molecules
in the cells after stimulation of exogenous O, . It was found that O, elicited a rapid
Ras and ERK activation within 6 hours, induction of osteogenic transcription factor
CBFAIl in 24 hours, expression of osteocalcin in 7 days and bone nodule
formations in 15 days in wild type ras HS-5 cells (left panel, Figure 3). In contrast,
O, did not elicit ERK or CBFA1 activation, but induced adipogenic transcriptional
factor C/EBPa expression, followed by lipoprotein lipase expression and positive
staining of mature fat droplets (right panel, Figure 3). Scavenging of O, by
superoxide dismutase (SOD; 500 U/ml) specifically suppressed O, induced
osteogenesis in the wild type ras cells, indicating that O, directly involved in the

signal transduction for osteogenesis (data not shown).

Oxidative stress enhanced TGFPB and IGF-I production by wild type ras and
ras(S17N)-mutated HS-5 cells, respectively

The oxidative stress starting with addition of the exogenous O, produced by
the reaction of xanthine oxidase (250 pU/ml) with hypoxanthine (10 mM)
promoted TGFf production by wild type HS-5 cells (p< 0.01, t test; Figure 4). The
oxidative stress did not enhance TGF[} production, but enhanced IGF-I production

by ras(S17N)-mutated HS-5 cells (Figure 4).
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DISC USSION

This study shows that oxidative stress can enhance the differentiation of wild type HS-5 mesenchymal
cells to bone nodule formations via ERK activation in hours, followed by osteogenic transcription factor
CBFAL1 expression and osteogenic growth factor TGFP production in hours to days, and matured

differentiation marker osteocalcin expression in days to weeks.

By contrast, oxidative stress enhaces the ras(S17N)-mutated HS-5 cell differentiation to fat cells via
induction of adipogenic transcription factor C/EBPo., followed by adipogenic growth factor IGF-I
production, and matured differentiation marker LP lipase expression. These findings comprise the first
evidence demonstrating that an appropriate oxidative stress promotes bone or fat cell differentiation

depending on ras gene expression.

Further studies to promote bone growth from mesenchymal stem cells may be made possible via
regulation of redox reaction and signal transduction. Mechanisms for the possible regulation of bone and

fat cell differentiation from different mesenchymal cells could be depicted as follows:

CONCLUSION

We found that oxidative stress had different effects on bone and fat cell differentiation in different
Ras expressing cells. The mechanism for the oxidative stress-mediated bone cell differentiation was
demonstrated via the signal transduction pathway from Ras Raf-1 ERK CBFAl osteocalcin in
wild type HS-5 mesenchymal cells, while the differentiation of fat cells was shown through C/EBPa
LP lipase in ras (S17N)-mutated HS-5 cells. This study model may be applicable for making bone cells
from not only bone marrow stem cells, but also human umbilical cord blood stem cells or embryonic

stem cells for bone tissue engineering.
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