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Abstract Src protein is essential for the regulation of bone turnover primarily via bone resorption because it is
required in osteoclast differentiation and function. We followed temporal changes of Src protein abundance in marrow
stromal cells induced to mineralize by dexamethasone (DEX), growth in cold temperature, or both. Given the tyrosine
kinase function of Src and its numerous substrates, profiles of phosphotyrosine-containing proteins were followed as
well. On day 11 of stimulation, specific alkaline phosphatase (ALP) activity at 30°C decreased under DEX relative to
37°C cultures, in accord with increased cell counts. Mineralization per well under DEX increased by 25% at 37°C,
whereas at 30°C it increased by more than threefold regardless of the DEX stimulation. At 30°C, on a per cell basis
mineralization increased 2.5 and 3 times with and without DEX, respectively. Cultures at 37°C showed a general drop
per cell of many phosphotyrosine-containing proteins on day 3 relative to days 1 and 2 in both DEX-stimulated and
nonstimulated cultures; several proteins did recover (recuperate) thereafter. On days 1 and 2, the phosphotyrosine signal
was higher in several proteins under DEX stimulation; this trend became inverted after day 3. The changes in abundance
per cell of Src protein (pp60src) followed a similar trend, and in addition a truncated Src molecule, p54/52src, was
detected as a putative cleavage product presumably representing its carboxy terminus. The pp60src was most abundant,
relative to its truncated product, in day 7 nonstimulated cultures, whereas under DEX stimulation the truncated species
pp54/52src showed the highest relative abundance on days 7. At 30°C, DEX stimulation accentuated the increase in Src
protein on day 3, showed no change on day 7, and returned to increase Src protein on day 10. Potassium
ionophorvalinomycin, considered to select against mineralizing osteoprogenitors at 30°C, showed on day 10 in the
absence of DEX a relative increase in truncated Src protein compared to both DEX-stimulated and nonstimulated
cultures in the absence of valinomycin. On day 7 of DEX stimulation, the presence of valinomycin resulted in low
p54/52src. Among phosphotyrosine-containing proteins, a 32–34 kDa band, as yet unidentified, showed the most
concordant changes with mineralization induction. P32–34 decreased by DEX on days 2 and 8 and increased by low
temperature alone or combined with DEX on day 3. On day 7, p32–34 did not change under DEX, but valinomycin
selected cells with less phoshpotyrosine-containing p32–34. Taken together, high Src abundance at the start of
osteogenic induction followed by a decrease 1 week later is probably related to energy metabolism-dependent
induction of mineralization. This is in temporal accord with the increase in Src truncation and fluctuation in
mitochondrial membrane potential (which affects mineralization). The reported binding of amino-terminal Src oligopep-
tide to p32 ADP/ATP carrier in the mitochondrial inner membrane raises the question of its possible involvement in
mitochondria-regulated mineralization. J. Cell. Biochem. 69:316–325, 1998. r 1998 Wiley-Liss, Inc.
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Bone cell mineralization depends on bone
extracellular matrix organization; however, in-
duction of mineralization is also regulated by
cellular energy metabolism [Lehninger, 1970,
Brighton and Hunt, 1978, Shapiro et al., 1982;
Wuthier, 1993]. Induction of mineralization is
associated with oscillation of mitochondrial

membrane potential either affected by dexa-
methasone (DEX) [Klein et al., 1993c], Krebs
cycle inhibitors [Klein et al., 1996a], or pro-
longed cold exposure [Klein et al., 1996b]. Some
tyrosine kinase (TK) inhibitors may under cer-
tain concentrations preserve the osteoblastic
phenotype while killing nonosteoprogenitor cells
[Klein et al., 1997]. The activity of synthetic TK
inhibitors (tyrphostins) consists of two effects,
one by competing for tyrosine residues, the
other by competing for ATP binding sites within
the kinase molecule [Levitzki and Gazit, 1995;
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Ullrich and Schlessinger, 1990]. Free ATP in
itself may induce cell-mediated mineralization
[Hatori et al., 1995]; therefore, extensive short-
term inhibition of ATP binding to tyrosine ki-
nase might suffice as an initiator of mineraliza-
tion. Tyrphostin AG-1478 at nM concentrations
specifically inhibits epidermal growth factor
(EGF) receptor TK activity, but at higher concen-
trations it inhibits downstream nonreceptor TK
like those of the Src family [Osherov and Lev-
itzki, 1994]. The prototype of this family,
pp60src, is known to be essential for bone turn-
over due to its importance in the maturation
and function of osteoclasts [Tanaka et al., 1996],
as its absence results in osteopetrosis [Soriano
et al., 1991], correctable by normal bone mar-
row. Bone marrow stroma and Saos2 cell lines
in culture are osteogenic rather than osteolytic
systems. Increased mineralization under AG-
1478 in these systems suggested that Src may
be involved in osteoblastic mineralization in
addition to its effect on bone resorption. Sigal
and Resh [1993] found that Src can bind the
ADP/ATP carrier of the mitochondrial inner
membrane; it thus becomes relevant to follow
changes in Src protein in osteoprogenitor cells
during their stimulation to mineralize. We found
that a decrease in Src protein starts after 3
days of DEX induction, peaking around day 7,
when its truncated species peaked. This was in
parallel to the decrease in several phosphotyro-
sine-containing bands. The results indicate that,
while osteoclasts depend on Src, the mineraliz-
ing osteoprogenitors may require decreased Src
for a limited period, perhaps accompanied by
increase in truncated Src species.

MATERIALS AND METHODS
Reagents

ALP kit 104 LL, dexamethasone, ascorbate,
b-glycerophosphate, and antiphosphotyrosin an-
tibodies were purchased from Sigma (St. Louis,
MO). MAb anti-Src 327 was generated from
hybridoma medium [Lipsich, 1983]; Fetal calf
serum (FCS) was purchased from Grand Island
Biological Company (Grand Island, NY).

Stromal Cell Culture

Bone marrow cell suspension s obtained from
femurs and tibiae of female Sabra rats, weigh-
ing 60–80 g, were seeded in 25 cm2 flasks, 108

cells/flask. Stromal cells were obtained as de-
scribed by others [Maniatopoulos et al., 1988]

removing the nonadherent hematopoietic cells
during the first 10 days of culture. The remain-
ing adherent stromal cells were propagated in
the same maintenance medium that consisted
of DMEM (Dulbecco’s modified Eagle’s me-
dium) supplemented with 15% fetal calf serum
and antibiotics in a humid, 9% CO2 atmo-
sphere. For the experimental cultures, stromal
cells were removed 2 weeks later by trypsiniza-
tion and were plated in 96-well microtiter plates,
5,000 cells/well, and grown in osteoprogenitor
cell (OPC) stimulation medium. This consisted
of maintenance (ordinary) medium containing
1028 M dexamethasone, 50 µg/ml ascorbate,
and 10 mM glycerophosphate. The medium
(DEX medium) was changed on day 7 and sub-
sequently every 4 days.

Measurement of In Vitro Precipitated Calcium

After 3 weeks in culture, the DEX medium,
as opposed to ordinary medium, induces cell-
mediated mineralization, which appears as cal-
cium deposits surrounding and covering the
foci of cells, detectable by alizarin red staining
[Klein et al., 1993a]. On X-ray diffraction, such
calcium deposits show a main deflection, char-
acteristic of hydroxyapatite at 2Q 5 32.8°C,
and on X-ray dispersion analysis mainly cal-
cium and phosphate were seen [Maniatopoulos
et al., 1988]. Similar results were obtained in
our laboratory using the same system. In this
study, the calcium deposits were measured as
follows. Plates were washed twice with TBS
(Tris-buffered saline) to remove water-soluble
calcium and then incubated in 0.5 N HCl over-
night. Appropriately diluted samples were mea-
sured by the metallochromic method with Ar-
senazo III as described elsewhere [Klein et al.,
1995]. Mineralization was expressed in micro-
grams of calcium per well or presented as an
index of calcium deposits relative to untreated
controls.

Quantitative Cell Staining

Cells were stained using the methylene blue
(MB) method [Goldman and Bar-Shavit, 1979].
Cells were fixed in 0.5% glutaraldehyde for 30
min, rinsed with distilled water, and air-dried
overnight. Borate buffer (0.1 M boric acid
brought to pH 8.5 with NaOH), 0.2 ml/well, was
added to the cells for 2 min and rinsed with tap
water. Cells were then incubated in 0.1 ml of
1% MB in borate buffer for 60 min at room
temperature, rinsed with water, and air-dried.
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The MB was then eluted from the stained cells
by incubation with 0.2 ml of 0.1 N HCl at 37°C
for 60 minutes. Optical density (O.D.) of the
eluted MB was measured at 620 nm by an
optical densitometer. Calibration demonstrated
that 1.0 O.D. unit was equivalent to 5 3 104

stromal cells.

Alkaline Phosphatase Activity Assay

Alkaline phosphatase (ALP) activity was mea-
sured in situ in microtiter plates. Day 11 of
DEX stimulation was selected for cell counts
and ALP assay since ALP activity on day 11
showed the best correlation with mineraliza-
tion [Klein et al., 1993b]. The medium was
removed, and cells were washed twice in situ
with 0.2 ml TBS (50 mM Tris, 150 mM NaCl,
pH 7.6). ALP substrate, pNPP (p-nitrophenyl
phosphate) in TBS, 1.33 mg/ml, was dispensed
0.2 ml/well. Plates were placed in the tissue
culture incubator for 90 min, and the O.D. of
the hydrolyzed pNPP was measured in a optical
densitometer at 405 nm. ALP specific activity
was expressed as nanomoles/90 min/50,000
cells.

Electrophoresis and Western Blot Development

Stromal cells were seeded, 2 3 105/well, on
day (2)3 in six-well plates; on day 0, cultures
were stimulated as indicated in the respective
experiments. In each plate, three cultures were
stimulated and three served as controls. Me-
dium was changed on days 0 and 7, 4 ml per
well; plates were harvested for electrophoresis
on the indicated days by cell lysis. Prior to cell
lysis, cells in one well of each set of three wells
(one experimental and one control well in every
plate) were trypsinized and counted in a count-
ing chamber. The remaining wells were har-
vested as follows. Wells, placed on ice, were
washed twice with 6 ml of cold phosphate buff-
ered saline (PBS) removing washing solution to
dryness. Ice-cold electrophoresis sample buffer
(with 7% 2-mercaptoethanol and 3% sodium
dodecylsulfate [SDS]), 50 or 100 µl, was added
to each well and incubated on ice for 30 min.
The lysates were quickly scraped off the plastic
with a policeman and transferred to cold tubes,
boiled for 5 min, cooled on ice, and stored at
270°C until further use. Samples of lysed cul-
tures representing equal cell numbers were
adjusted to equal volumes with plain sample
buffer and fractionated by electrophoresis usu-
ally on 7–15% polyacrylamid gradient gels. Gels

were then electroblotted onto nitrocellulose fil-
ters which were blocked with 5% skim milk and
0.2% Tween-20. Filters were first incubated
with antiphosphotyrosine antibody, and after
washing they were incubated with an anti-
mouse IgG antibody conjugated to peroxidase.
Filters were exposed to enhanced chemilumines-
cence (ECL) buffer to generate chemoillumines-
cence by activated peroxidase conjugates, which
was detected by autoradiography.

After radiography, the antiphosphotyrosine
antibodies were stripped off the filters, and the
above procedure was repeated with a monoclo-
nal anti-Src antibody. Stripping was performed
by incubation of the filters in 62.5 mM Tris-
HCl, pH 6.7, 100 mM 2-mercaptoethanol, and
2% SDS at 50°C for 30 min.

Quantitation of Western Blot Bands

Autoradiographic gel images were analysed
on a Power Mac computer using the 1.61 NIH
image program. Bands in pairs of adjacent lanes
were plotted based on area size and integrated
density within peaks, and their pixels/band were
analyzed after removal of the background. In
blots that were analyzed for tyrosine-phosphory-
lated proteins, the pixels in each band were
expressed as the percent of total pixels in the
respective entire lane. The percent band inten-
sity between adjacent lanes was compared con-
sidering a difference of more than 40% as a
change induced by respective treatments.

RESULTS
Osteogenic Response of Stromal Cells

to Low Temperature

Figure 1A shows that specific ALP activity
increased under DEX at 37°C more than at
30°C, most of which can be attributed to selec-
tion of ALP-expressing cells. Cell counts (Fig.
1B) increased substantially at cold tempera-
ture under DEX stimulation. Mineralization
(per well) increased under DEX stimulation by
25% at 37°C, whereas at 30°C it was three to
four times higher, and its absolute level was
similar in the presence or absence of DEX (Fig.
1C). At 30°C there was a discrepancy between
ALP activities and mineralization effects of DEX
whether calculated per cell (as in Fig. 1C) or per
well. It follows that the effect of cold tempera-
ture on mineralization is at least partially disso-
ciated from its effect on ALP activity and that
increased mineralization at 30°C does not de-
pend exclusively on DEX.
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Profiles of Tyrosine-Phosphorylated Proteins
in DEX-Stimulated Stroma

Figure 2 shows a Western blot of stromal cell
proteins harvested from cultures on different
days of osteogenic stimulation at physiologic
temperature. On day 3 there was a general
decrease in tyrosine-phosphorylated proteins
per cell number (Fig. 2a) followed by a slight
selective recovery for some protein bands on
day 4, but the bands were still continuously
suppressed by DEX. Several tyrosine-phos-
phorylated bands were prominently suppressed
by DEX. For example, DEX strongly decreased
a phosphorylated protein (per cell and per total
lane phosphorylated tyrosine) of 150 kDa on
days 4, 7, and 8 (1DEX/2DEX 5 1,606/3,225,
1,542/4,647, and 539/1,485 scanner units per
2 3 105 cells, respectively). DEX suppressed a
66 kDa band on days 4, 7, and 8 (to 45.5%,
40.6%, and 27.7% of untreated cells, respec-
tively). On day 3 there was a general low level
of phosphotyrosine-containing proteins regard-
less of the presence or absence of DEX. DEX
also had a differential effect on p38/41 (suppress-
ing phosphorylation to 17.2% of controls on day
2 and increasing it by 90.4%, 43.6%, and 97.1%
on days 3, 4, and 8, respectively). DEX sup-
pressed p33 to 23.5% and to 62.3% of the rela-
tive phosphorylation level in untreated controls
on days 2 and 8 ,respectively.

Figure 2b shows bands of Src protein in the
same blot. On day 1, DEX induced a slightly
denser and faster running band. This trend
reverted starting on days 2 and 3; from day 4,
cultures without DEX showed denser and faster
running bands relative to those seen in the
presence of DEX. This indicates that after day 3
DEX decreases Src protein quantity and its
migration rate. On days 2, 3, and 7, the smaller
Src bands, p52/54src under DEX stimulation,
were more abundant (relative to the major Src
band) than that seen in the absence of DEX.
From day 3, upon inversion of Src abundance
under DEX, its quantity/cell positively corre-
lated with the total phosphotyrosine per cell
(see Fig. 6).

Effect of Low Temperature on the Profile
of Tyrosine-Phosphorylated Proteins

Figure 3a compares effects of low and normal
temperatures on repertoires of tyrosine-phos-
phorylated proteins from stromal cells on day 3
of osteogenic stimulation. Here electrophoresis

Fig. 1. Osteogenic differentiation in cold temperature in the
presence and absence of dexamethasone. Stromal cells seeded
on day (2)3 and cultured until day 0 at 37°C, when they were
stimulated with either DEX(1) or DEX(2) medium and divided
between two incubators, one at 37 and one at 30°C. On day 11
of stimulation, ALP activity was measured at the upper half of
the plates (A), and cells were quantitatively stained (B) at the
lower parts of the plates. On day 21 of stimulation, water-
insoluble calcium was measured on equally prepared separate
plates (C). Results are presented as mean 6 SE; n 5 20 wells per
sample.
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was performed on a 7–15% gradient gel which
resolved low molecular sizes better than the 7%
gel seen in Figure 2. In the absence of DEX, on
day 7 p200 and p38–41 lost more than half of
their relative phosphotyrosine signal intensity
as compared with day 3, whereas on day 7 p15
showed a signal intensity 2.7 times higher than

that of day 3. DEX partially abrogated the
decrease in p200 and p38–41 and completely
abrogated the increase in p15. On day 3, either
DEX stimulation or low temperature increased
p49 phosphotyrosine signal and that of its p50
shoulder by 94.6% and 62.3% respectively. Com-
bination of DEX and low temperature further

Fig. 2. Profiles of tyrosine-phosphorylated proteins from stro-
mal cell cultures under osteogenic stimulation with and without
DEX. Stromal cells seeded in six-well plates, 2 3 105 cells/well,
on day (2)3 were stimulated starting from day 0 with or without
DEX at 37°C. Each plate contained three stimulated and three
nonstimulated wells. On indicated days, cells from one well of
each triplicate sample were counted. Cell number/well on
harvest day is indicated. Subsequently, each well was exposed
to ice-cold electrophoresis sample buffer, 30 min on ice for cell

lysis, and then heated in boiling water for 5 min and loaded on a
7% polyacrylamid gel for electrophoresis. After fractionation,
proteins were electroblotted onto a 0.45 µm nitrocellulose filter
which was exposed to antiphosphotyrosine antibodies and to a
peroxidase-conjugated second antibody. The filters were autora-
diographically developed (a) and subsequently, after removal of
these antibodies by excess 2-mercaptoethanol, the filter process-
ing was repeated for anti-SRC antibodies (b).
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increased the signal of the p50 shoulder by an
additional 16%. The intensity of p38–41 in-
creased by 90.1% only under combination of
DEX and low temperature. At 37°C, the inten-
sity of p38–41 decreased from day 3 to day 7 by
more than one-half, to 48.9%, and DEX limited
its decrease to only 76% of the untreated con-
trol. On day 7, DEX increased p38–41 by 35.8%.
Phosphotyrosine in p32/33 increased on day 3
by 2.56 and 4.93 times under low temperature
and combined treatment with DEX, respec-
tively, whereas on day 7 it was not changed by
DEX. Of interest are bands that changed in
accord with osteogenic stimuli, (i.e., 30°C,
30°C 1 DEX, and 37°C 1 DEX)—for example,
p200, p49/50, p32/33 and p15. Of interest is also
p38–41, which was prominent only at 30°C 1
DEX, a condition which, according to Figure
1C, resulted in an enriched mineralizing cell
population. The augmented density of bands in
low temperature cultures were further accentu-
ated under DEX. Figure 3b shows antibody-
detected bands of Src protein on the same blot,
similarly to Figure 2b. At 37°C, DEX increased
the amount of Src protein/cell on day 3 contrary
to the inverted ratio on day 7. On day 3, at
37°C, slightly less Src protein was seen com-
pared to low temperature (1,087 vs. 1,574 scan-
ner units), and in both it was more abundant in
the presence (1,301 and 2,308 units, respec-
tively) than in the absence of DEX. These re-
sults indicate that low temperature increases
the amount of Src protein/cell in stromal cells
on day 3 of osteogenic stimulation, a trend
amplified by DEX at this time point. On day 3
at low temperature, the increased Src under
DEX stimulation was accompanied by slightly
less truncated Src protein, 2.64% compared with
5.15% of intact p60c-Src. The Src protein sig-
nals in the blot showed a direct correlation with
the total phosphotyrosine signals of the respec-
tive lanes (Fig. 6).

Tyrosine-Phosphorylated Proteins and Quantity
of Src Protein in Valinomycin-Selected Cells

Figure 4 shows the effect of cold temperature
on the repertoire of tyrosine-phosphorylated
proteins of stromal cells on day 7 of osteogenic
stimulation. Here 1027 M valinomycin was
added in part of the cultures since it was shown
to select nonmineralizing cells during osteo-
genic stimulation in the cold, especially when
valinomycin was present between days 3 and 7
[Klein et al., 1996b]. It follows that on day 7

valinomycin selected cells with p33/34 contain-
ing less phosphotyrosine (55.1% of nonselected
cells in the presence and 62.9% in the absence
of DEX) and less p83/85 (42.2%) in the presence
of DEX. Valinomycin-selected cells also showed

Fig. 3. Differential effect of culture temperature on the tyrosine-
phosphorylated protein profile and Src protein. Stromal cells
were seeded at the indicated density on day (2)3; on day 0,
plates were divided between incubators of 37°C and 30°C, and
DEX was added to the stimulation medium for half of each plate.
On day (1)3, cell proteins were extracted and run on a 7–15%
gradient polyacrylamide gel and electroblotted. Western blots
were developed with antiphosphotyrosine antibodies (a) and,
after stripping, with anti-Src antibodies (b). Molecular weight
markers are indicated on the right. Selected bands where tyro-
sine phosphorylation intensity was higher at 30°C than at 37°C
in the absence of DEX are indicated on the left. The inferred
location of pp60src in panel a is indicated (asterisk) based on
the band identified by the anti-Src antibody on the same blot.
Cell counts/well upon harvesting are indicated.
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less phosphotyrosine in p110, 31.8% in the pres-
ence and 54% in the absence of DEX. In day 7
nonstimulated cultures, abundance of Src (4865
units) and its truncated protein (1,240 units) in
valinomycin-selected cells were similar to val-
ues in nonselected cells (4,772 and 1,395 units
respectively). Contrarily, in DEX-stimulated
cells less Src protein (2,127 units) and few
truncated Src (87 units) were seen in valinomy-
cin-selected cells. Figure 5a shows that on day
10 valinomycin selected and perhaps helped to
induce in stromal cells poorly phosphorylated
band profiles mainly in DEX-stimulated cells.
These included a decrease in 140–150, 105, 75,

70, 60, whereas in nonstimulated only p140–
150 phosphorylation was decreased in valinomy-
cin-selected cells. Other bands like p55, p44,
p33/34, p31, p27, p24, p21, and p17 showed
increased phosphotyrosine in DEX-stimulated
and valinomycin-selected cells. In nonstimu-
lated cells, reciprocally to DEX-stimulated cells,
p105, p75 and p70 bands showed increased
phosphotyrosine. In day 10 DEX-stimulated
cells, Src protein was 3.8 times more abundant
than in valinomycin-selected cells, and it was
only 5.4 times more than its truncated band vs.
13.5 times in valinomycin-selected cells (Fig.
5b). Contrarily, in the absence of DEX the trun-
cated Src protein was barely detected relative
to the pp60Src, opposite to the case on day 7

Fig. 4. Phosphotyrosine protein profiles on day 7 of stromal
cells cultured at low temperature with or without valinomycin.
Stromal cells were seeded on day (2)3 and cultured from day 0
at 30°C with and without 1027 M valinomycin. On day 7, cells
were harvested and processed for electrophoresis, blotting, and
development (as described in the legend of Fig. 3).

Fig. 5. Phosphotyrosine protein profiles on day 10 of stromal
cells cultured in the cold with and without valinomycin. Stro-
mal cells were transferred on day 0 to 30°C, treated, and
processed as described in Figures 3 and 4. Media were changed
on day 7. The molecular weight of bands showing differential
intensity of phosphotyrosine are indicated on the right.

322 Klein et al.



(Fig. 4b). This corroborates the finding that
valinomycin selects nonmineralizing cells in
association with more Src protein, which in
vivo favors bone resorption, while Src absence
favors osteopetrosis. From time-sequence cul-
tures it can be summarized that there is a
relative drop in pp60src abundance from day 3
through days 7 and 8 (not shown), with a recov-
ery on day 10. This occurs in stromal cultures
under conditions of osteogenic stimulation, like
DEX treatment at normal temperature or osteo-
genic stimulation at cold temperature in the
absence of DEX. There is a tendency of Src
quantity/cell to decrease in association with a
general decrease in tyrosine phosphorylation
per cell.

DISCUSSION

At low temperature, DEX did not increase
specific ALP activity to the same extent as at
37°C. In the absence of DEX, twice as many
cells were found on day 11 at low temperature
as in the presence of DEX or at normal tempera-
ture with or without DEX. Many of these cells
must be ALP-expressing cells, since the specific
ALP activity is not sufficiently lower in the
absence of DEX to account for the increased cell
count. Thus, prolonged exposure to low tempera-
ture increases expression and or activity of ALP
under these culture conditions. The differential
calcium deposition (mineralization) shown in
Figure 1C is presented on a per cell basis; when
calculated per well at low temperature, miner-
alization in the presence of DEX was similar to
that in its absence. The equal mineralization
per well found in the cold DEX-treated and
untreated cultures could be in part due to in-
creased pH, but mineralization increases in the
cold also in HEPES-buffered medium [Klein et
al., 1996b]. Thus, prolonged propagation in the
cold increases mineralization beyond the pH
effect.

At normal temperature, DEX decreased phos-
photyrosine in many of the cellular proteins in
association with increased specific ALP activity,
suggesting that perhaps also intracellular pro-
tein tyrosine phosphatases may increase under
DEX at normal temperature. The following
three different treatments are associated with
osteogenic or mineralization induction in stro-
mal cells: DEX [Bellows et al., 1987; Leboy et
al., 1991; Kamalia et al., 1992], low tempera-
ture, and nonosteoprogenitor cell selection by
valinomycin [Klein et al., 1996b]. In the present

study, temporal changes in the phosphotyro-
sine content of cell proteins were followed un-
der these treatments applied either separately
or combined. The abrupt drop in general phos-
photyrosine content seen on day 3 cultures,
relative to day 4 and regardless of treatment,
may reflect decreased proliferation and tyro-
sine phosphorylation–dependent signaling per-
haps coupled with tyrosine phosphatases activ-
ity. The most recurring observation regards
phosphotyrosine protein p32–34, which under
osteogenic conditions decreased towards day 2,
increased on days 3 and 4 of osteogenic induc-
tion, and decreased again after day 7. This
band is yet to be identified and might interact
with proteins recently described by Dennet et
al. [1997] as inhibitors of cyclin-dependent ki-
nases active in osteoblastic differentiation. Since
thyrosine kinase Src protein is absolutely re-
quired for osteoclastic function, its presence in
the stromal cell population was examined un-
der mineralization induction stimuli. On days 1
and 2 of DEX stimulation, pp60src increased;
this trend inverted on day 3 and thereafter,
being especially prominent on day 7, when a
smaller Src band increased proportionately. This
decrease in Src on day 3, lagging 1 day behind
the decrease in p33/34, may reflect a dimin-
ished enzyme substrate interaction between the
p34cdc2 complex and Src. In general, the amount
of Src protein in each lane directly correlated
with total phosphotyrosine of respective lanes
in the gels (Fig. 6), but we cannot exclude a
correlation which reflects the total amount of
cellular protein rather than the level of tyrosine
phosphorylation. The anti-Src antibody used in
these studies recognizes the truncated Src [Lip-
sich et al., 1983] missing the amino-terminal
fragment required for membrane association
[Sigal et al., 1994]. If this contention is still
valid, then our Src protein quantitation indi-
cates that at 37°C, from day 3 and especially on
days 7 and 8 under DEX stimulation, the propor-
tion of membrane-unattached Src molecules is
higher than in the absence of DEX. Given infor-
mation from time sequence cultures of days 6,
8, and 10 (not shown) and cultures described
above, at 30°C DEX decreased pp60src protein
on day 6, did not change it on day 7, and
increased it on day 8 and 10. Surprisingly, the
presence of valinomycin resulted in less pp60src
on days 6, 7, and 10; only on day 8 in the
absence of DEX was pp60src slightly higher in
cultures with valinomycin. It was expected that
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at cold temperature cells of the osteoprogenitor
lineage would react by thermogenesis [Klein et
al., 1996b] in association with a mitochondria-
aided mineralization initiation process. Al-
though the opposite was found, it is possible
that the valinomycin embedded in the plasma
membrane antagonized the hydrophobic-depen-
dent plasma-membrane anchorage of pp60src in
nonmineralizing cells. Interestingly, in valino-
mycin cultures the presence of DEX did result
in lower pp60src—for example, on days 6, 7, and
10. A possible connection between Src protein
and induction of cell-mediated mineralization
might be a nonkinase function of Src. Sigal and
Resh [1993] have shown that the amino-termi-
nus of Src can bind the mitochondrial ADP/ATP
carrier only if presented as a short peptide
small enough to cross the outer mitochondrial
membrane. This is consistent with cleavage
products of Src increasing under DEX on days 7

and 8 at normal temperature and on days 7 and
10 at cold temperature. It also agrees with
mitochondrial-membrane potential changes on
days 7/8 which accompany changes in mineral-
ization [Klein et al., 1993c, 1996a].

REFERENCES

Bellows CG, Aubin JE, Heersche JNM (1987): Physiological
concentrations of glucocorticoids stimulate formation of
bone nodules from isolated rat calvaria cells in vitro.
Endocrinology 121:1985–1992.

Brighton CT, Hunt RM (1978): Electron microscopic pyroan-
timonate studies of matrix vesicles and mitochondria in
the rachitic growth plate. Metab Bone Dis Relat Res
1:199–204.

Dannet R, Haushka RD, Aslam F, Lian J, Stein J, Stein SG
(1997): Expression of cyclin-dependent kinase inhibitors
are functionally related to osteoblast differentiation. J
Bone Miner Res 12(Suppl):S185.

Goldman R, Bar-Shavit Z (1979): Dual effect of normal and
stimulated macrophages and their conditioned media on
target cell proliferation. J Natl Cancer Inst 63:1009–
1016.

Hatori M, Teixeira CC, Debolt K, Pacifici M, Shapiro IM
(1995): Adenine nucleotide metabolism by chondrocytes
in vitro: Role of ATP in chondrocyte maturation and
matrix mineralization. J Cell Physiol 165: 468–474.

Kamalia N, McCulloch CAG, Tenenbaum HC, Limback H
(1992): Dexamethasone recruitment of self-renewing os-
teoprogenitor cells in chick bone marrow stromal cell
culture. Blood 79:320–326.

Klein BY, Gal I, Segal D (1993a): Selection of malonate-
resistant stromal cell-derived osteoprogenitor cells in
vitro. J Cell Biochem 51:190–197.

Klein BY, Gal I, Segal D (1993b): Studies on the levamisole
inhibitory effect on rat stromal-cell commitment to miner-
alization. J Cell Biochem 53:1–8.

Klein BY, Gal I, Hartshtark Z, Segal D (1993c): Induction of
osteoprogenitor cell differentiation in rat marrow stroma
increases mitochondrial retention of rhodamine 123 in
stromal cells. J Cell Biochem 53:190–197.

Klein BY, Rojansky N, Gal I, Shlomai Z, Libergall M,
Ben-Bassat H (1995): Analysis of cell-mediated mineral-
ization in culture of bone-derived embryonic cells with
neurofibromatosis. J Cell Biochem 57:530–542.

Klein BY, Gal I, Libergal M, Ben-Bassat H (1996a). Oppos-
ing effects on mitochondrial membrane potential by malo-
nate and levamisole, whose effect on cell-mediated miner-
alization is antagonistic. J Cell Biochem 60:139–147.

Klein BY, Gal I, Ben-Bassat H (1996b): Cell-mediated min-
eralization in culture at low temperature associated with
subtle thermogenic response. J Cell Biochem 63:229–
238.

Klein BY, Tepper S, Gal I, Shlomai Z, Ben-Bassat H (1997):
Opposing effects of tyrosine kinase inhibitors on mineral-
ization of normal and tumor bone cells. J Cell Biochem
65:420–429.

Leboy PS, Beresford JN, Devlin C, Owen ME (1991): Dexa-
methasone induction of osteoblast mRNAs in rat marrow
stromal cell cultures. J Cell Physiol 146:370–378.

Lehninger AL (1970): Mitochondria and calcium transport.
Biochem J 119:129–138.

Fig. 6. Correlation between Src protein and total cell phospho-
tyrosine. ECL signal of pp60src produced by the anti-Src anti-
body is plotted against the signal produced by the antiphospho-
tyrosine antibody. Each point represents one lane from Fig. 2 (A)
and Fig. 3 (B).

324 Klein et al.



Levitzki A, Gazit A (1995): Tyrosine kinase inhibition an
approach to drug development. Science 267:1782–1783.

Lipsich LA, Lewis AJ, Brugge JS (1983): Isolation of mono-
clonal antibodies that recognize the transforming protein
of avian sarcoma virus. J Virol 48:352–360.

Maniatopoulos C, Sodek J, Melcher AH (1988): Bone forma-
tion in vitro by stromal cells obtained from bone marrow
of young adult rats. Cell Tissue Res 254:317–330.

Osherov N, Levitzki A (1994): Epidermal growth factor
dependent activation of src family kinases. Eur J Bio-
chem 225:1047–1053.

Shapiro IM, Golub EE, Kakuta S, Hazelgrove J, Havery J,
Chance B (1982): Initiation of endochondral calcification
is related to changes in the redox state of hypertrophic
chondrocytes. Science 217:950–952.

Sigal CT, Resh MD (1993): The ADP/ATP carrier is a 32-
kilodaton receptor for an NH2-terminally myristoylated
Src peptide but not for pp60src polypeptide. Mol Cell Biol
13:3084–3092.

Sigal CT, Zhou W, Buser CA, McLaughlin S, Resh MD
(1994): Amino-terminal basic residues of Src mediate
membrane binding through electrostatic interaction with
acidic phospholipids. Proc Natl Acad Sci USA 91:12253–
12257.

Soriano P, Montgomery C, Geske R, Bradley A (1991):
Targeted disruption of the c-src proto-oncogen leads to
osteopetrosis in mice. Cell 64:693–702.

Tanaka S, Amling M, Neff L, Peyman A, Uhlmann E, Levy
JB, Baron R (1996): c-Cbl is downstream of c-Src in a
signaling pathway necessary for bone resorption. Nature
383:528–531.

Ullrich A, Schlessinger J (1990): Signal transduction
by receptors with tyrosine kinase activity. Cell 61:203–
212.

Wuthier RE (1993): Involvement of cellular metabolism of
calcium and phosphate in calcification of avian growth
plate cartilage. J Nutr 123:301–309.

Protein Profiles in Marrow Stroma 325


	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

	DISCUSSION
	REFERENCES

