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The murine-derived clonal MC3T3-E1 cell is a well-
tudied osteoblast-like cell line. To understand the ef-
ects of serial passages on its cellular function, we
xamined changes in cell morphology, gap junctional
ntercellular communication (GJIC), proliferation,
nd osteoblastic function between early passage (<20)
nd late passage (>65) cells. MC3T3-E1 cells developed
n elongated, spindle shape after multiple passages.
ntercellular communication decreased significantly
33%) in late vs. early passage cells. Transforming
rowth factor-b1 (TGF-b1) stimulated cell prolifera-
ion in early passage cells and induced c-fos expres-
ion, while it inhibited proliferation in late passage
ells. Using alkaline phosphatase (ALP) activity and
steocalcin (OC) secretion as markers for osteoblastic
unction and differentiation, we demonstrated that
oth markers were significantly reduced after multi-
le cell passages. Bone morphogenetic protein-2
BMP-2) significantly enhanced ALP activity and OC
ecretion in early passage cells while TGF-b1 exerted
n opposite effect. Both BMP-2 and TGF-b1 had mini-
al effects on late passage cells. We conclude that

erial passage alters MC3T3-E1 cell morphology, and
ignificantly diminishes GJIC, osteoblastic function,
GF-b1-mediated cell proliferation, and responsive-
ess to TGF-b1 and BMP-2. Cell passage numbers
hould be clearly defined in functional studies involv-
ng MC3T3-E1 cells. © 1999 Academic Press

The clonal MC3T3-E1 cell was derived from newborn
ouse calvaria and is a well-studied osteoblast-like

ell line (1). These cells have been shown to exhibit a

1 To whom correspondence and reprint requests should be ad-
ressed at Plastic Surgery Research Laboratory, Building 114, Room
21, West Los Angeles VA Medical Center, 11301 Wilshire Boulevard,
os Angeles, CA 90073. Fax: (310) 478-4538. E-mail: millerlab@
otmail.com.
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evelopmental sequence typical for osteoblasts and
ave been suggested as an in vitro model of osteoblast
ifferentiation and maturation (2). Quarles et al.
howed that MC3T3-E1 cells plated at 5,000 cells/cm2

ndergo marked cell replication without expression of
lkaline phosphatase (ALP) or accumulation of miner-
lized extracellular collagenous matrix during days
–9 in culture (2). During days 9–16, they undergo
steoblastic differentiation that is characterized by
igh ALP activity (3), osteocalcin (OC) secretion (4),
nd responsiveness to parathyroid hormone (5). After
ay 16, the mineralization of extracellular matrix
arks the final phase of osteoblast phenotypic devel-

pment (2). Several experimental variables affect the
ifferentiation of MC3T3-E1 cells and their responsive-
ess to growth factors, including the original stage of
ifferentiation, cell passage number, source of serum,
nd plating density (6, 7).
Transforming growth factor-bs (TGF-bs) and bone
orphogenetic proteins (BMPs) are regulators of bone

epair and regeneration and promote osteogenesis in
ivo (8, 9). The mechanisms underlying their stimula-
ory effects have not yet been fully defined. BMP is
steoinductive both in vivo and in vitro (9, 10, 11) and
timulates osteoblast functional markers, including
LP activity, OC secretion, and type I collagen synthe-
is in vitro (12). Reports on the effects of TGF-b1 on
steogenesis have been conflicting (13, 14, 15). In vitro
tudies show that the effects of TGF-b1 on bone forma-
ion, osteoblast differentiation and function differ ac-
ording to the cell type, species, and other experimen-
al conditions. However, most studies report that
GF-b1 inhibits bone morphogenesis (12, 16, 17).
In our previous study, we reported that TGF-b1 and
MP-2 inhibited gap junctional intercellular commu-
ication (GJIC) in MC3T3-E1 cells (18). At that time
e observed a decrease in GJIC in untreated control
roups with higher passage numbers compared to
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ower passage numbers. In this study, we attempted to
efine passage-dependent changes in MC3T3-E1 cell
unction. We report passage-dependent changes in

C3T3-E1 cell morphology, intercellular communica-
ion, cell proliferation, osteoblastic function, and re-
ponsiveness to TGF-b1 and BMP-2.

ATERIALS AND METHODS

Materials. Mouse MC3T3-E1 cell line and recombinant human
MP-2 were generous gifts from Dr. G. Rodan (Merck, Sharpe and
ohme, West Point, PA) and Dr. Gerard Reidel (Genetic Institute,
ambridge, MA), respectively. Purified human TGF-b1 was pur-

hased from Upstate Biotechnology, Inc. (Lake Placid, NY). 3H-
hymidine (6.7 Ci/mmol) was obtained from New England Nuclear
Boston, MA). Mouse 125I-osteocalcin kit was purchased from Bio-
echnology Inc. (Waltham, MA). Restriction enzymes, Taq polymer-
se, dNTPs, and oligo dT primers were purchased from Promega
Madison, WI). Oligonucleotides for polymerase chain reactions
PCR) were synthesized by Bioserve Inc. (Laurel, MD). Primer pairs
or c-fos and b-actin were purchased from Clontech (Palo Alto, CA).
uperscript II RNase H-reverse transcriptase was obtained from
ibco Life Technologies (Gaithersburg, MD).

Cell culture. MC3T3-E1 cells were plated at 5,000/cm2 on plastic
5 cm2 culture flasks (Costar, Cambridge, MA) in a-MEM medium
Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum,
6 mM NaHCO3, 2 mM glutamine, 100 units/ml penicillin, and 100
g/ml streptomycin, in humidified 5% CO2/95% air at 37°C. Cells
ere passaged every 3–4 days after releasing with 0.002% pronase E
efore reaching confluency. The cell culture started from frozen stock
as designated passage number one. Early passage was defined as
20 and late passage as .65. Cell developmental phases were de-
ned as proliferative (days 1–3 in culture) and differentiated (days
2–14 in culture). Cells in treatment groups were exposed to TGF-b1
nd BMP-2 dissolved in phosphate-buffered saline (PBS) containing
mM HCl and 0.1% bovine serum albumin.

Gap junctional intercellular communication studies. Using data
rom our previous study (18), the effects of serial passage on gap
unctional intercellular communication (GJIC) were examined. Cell
oupling studies were performed with a microinjection technique as
reviously reported (18, 19). Data from untreated control groups
ith known passage number were statistically analyzed.
Changes in gap junctions were also studied by measuring Con-

exin 43 (Cx43) mRNA expression using a RT-PCR assay. Briefly,
arly and late passage cells were plated, cultured, and harvested on
ay 3 (proliferative phase) or day 14 (differentiated phase). Total
NA was extracted for RT-PCR with Cx43 and b-actin (control)
rimers as described below.

Cell proliferation assay. MC3T3-E1 cell proliferation was mea-
ured by 3H-thymidine incorporation as previously described (18,
0). Briefly, cells were plated at 3.2 3 103 cells/well into 96-well
lates to ensure that cells would be in a linear log growth phase by
ays 2 and 3 after seeding. Fresh media containing no growth factors
control), TGF-b1 (0.5–32 ng/ml), or BMP-2 (12.5–800 ng/ml) was
dded on day 2 for a 48 h incubation at 37°C. During the last 6 h of
he incubation period, cells were labeled with 0.4 mCi/well of 3H-
hymidine. The cells were washed with cold PBS, followed by 5%
CA, absolute ethanol, and then incubated with 0.5N NaOH. Sam-
les were placed in vials and covered with scintillation fluid. Radio-
ctive 3H-thymidine was measured as counts per minute (cpm) with
liquid scintillation counter. The effects of TGF-b1 (2 ng/ml) and
MP-2 (50 ng/ml) on early passage cell proliferation, in either the
roliferative or differentiated phase of development were studied
ith a similar assay.
To measure TGF-b1-mediated c-fos expression, MC3T3-E1 cells
ere treated with TGF-b1 (2 ng/ml) for 1 h during the proliferative
247
arvested for RNA extraction and then RT-PCR was performed with
-fos primers as described below.

Osteoblast functional studies. The effects of cell passage on os-
eoblastic function were examined by measuring alkaline phospha-
ase (ALP) activity and osteocalcin (OC) secretion. Early and late
assage MC3T3-E1 cells were treated with TGF-b1 (2 ng/ml) or
MP-2 (50 ng/ml) for 48 h during the proliferative phase (days 1–3)
nd harvested on day 14. Cell and media samples were used for the
LP assay and OC radioimmunoassay (RIA), respectively, described
elow.
The pattern of ALP activity and OC secretion in early passage cells
as defined by harvesting cells on days 3, 7, 10, 14, 21, and 28 after

reatment with TGF-b1 (2 ng/ml) or BMP-2 (50 ng/ml) for 48 h
uring the proliferative phase. Cell and media samples were used for
he ALP assay and OC RIA, respectively. In addition, total RNA was
xtracted from these groups to examine the effects of TGF-b1 and
MP-2 on the steady state expression of ALP and OC mRNA using
T-PCR as described below.

Alkaline phosphatase (ALP) assay. MC3T3-E1 cells were grown
n 12-well plates, rinsed twice with ice cold phosphate buffered saline
PBS, pH 7.4), solubilized in Tris/glycine/Triton buffer (pH 10.5, 50
M Tris, 100 mM glycine, and 0.1% Triton X-100), and sonicated on

ce with two 15-s pulses. This mixture was centrifuged at 5,000 3 g
or 15 min at 4°C, and the supernatant was collected. 100 ml of
reshly prepared p-nitrophenyl-phosphate (PNPP) substrate (8,000
g/ml) was added to 200 ml of the supernatant mixed with Tris/
lycine buffer (pH 10.5, 50 mM Tris, 100 mM glycine) in 12 3 10
ubes and incubated for 30 min at 37°C. The enzymatic reaction was
erminated with the addition of 3 ml of ice cold 0.1 N NaOH solution.
he optical density (OD) of p-nitrophenol (PNP) at 410 nm was
easured with spectrophotometry within one hour. ALP activity was

tandardized as nmoles of PNP per mg of protein per minute.

Osteocalcin (OC) radioimmunoassay (RIA). Culture media was
ollected from flasks or multi-well plates, aliquoted into microfuge
ubes, and stored at 280°C. 50 ml of appropriately diluted samples
ere mixed with 150 ml of RIA buffer, 50 ml 125I-osteocalcin (10,000

pm/tube) and rabbit anti-mouse OC antibody (1:200) and incubated
t room temperature overnight (16–20 h). After the addition of 1 ml
onkey anti-rabbit IgG (1:50) and 2.5% polyethylene glycol (PEG),
he reaction was incubated at 4°C for 2 h, mixed briefly, and centri-
uged at 5,000 3 g at 4°C for 30 min. The supernatant was discarded,
nd the radioactivity in the pellets was measured with a gamma
ounter.

Reverse-transcriptase polymerase chain reaction (RT-PCR). Total
NA was prepared using an acid guanidinium isothiocyanate-
henol-chloroform extraction method (21). The RNA was dissolved in
uclease-free water and its concentration was estimated by optical
ensity (OD) at 260 nm. 1–5 mg of total RNA plus 0.5 mg of oligo dT
as denatured at 70°C for 10 min, chilled on ice, and then preincu-
ated at 42°C for 2 min after adding 10 mM dithiothreitol (DTT), 2.5
M each of dNTPs, and reaction buffer. 200 units of Superscript II

everse transcriptase was added and incubated at 42°C for 50 min.
he reaction was heated to 70°C for 15 min and any cRNA was
emoved with the addition of 2 units RNase H at 37°C for 20 min.
10% of the RT product was added to a PCR reaction which included

CR buffer (pH 8.4, 20 mM Tris, 50 mM KCl), 1.5 mM MgCl2, 0.5 mM
NTPs, 2 mM primers, and 5 units Taq DNA polymerase. 30 PCR
ycles were followed by denaturation at 95°C and extension at 72°C.
ense and anti-sense primers for ALP, OC, and Cx43 were designed
ith the MacVector program using sequences from a NCBI Blast

earch (Table 1). c-fos and b-actin primers were purchased. PCR
roducts were confirmed with 1% agarose gel electrophoresis. Band
ensity was standardized with the b-actin product and quantified by
ensitometry.
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Statistical analysis. Mean 6 S.D. was calculated from each of
wo or more independent experiments. One way analysis of variance
ANOVA) followed by Student’s t test was used to determine signif-
cance (p , 0.05).

ESULTS

ffects of Serial Passage on Cell Morphology

MC3T3-E1 cells demonstrated marked differences in
orphology between early (,20) and late passage

.65) groups (Fig. 1). Early passage cells that were
lated and viewed on day 7 remained round while late
assage cells viewed on day 7 developed an elongated,
pindle shape.

ap Junctional Intercellular Communication Studies

GJIC is mediated by the transfer of small molecules
,1.5 kD) through transmembrane channels called gap

Oligonucleotide P

Gene of interest Ol

Alkaline phosphatase (ALP) 59-CCAAGACGT
59-AAATGCTGA

Osteocalcin (OC) 59-AAATGCTGA
59-ACCGTAGAT

Connexin 43 (Cx43) 59-GTCAGCTTG
59-ATGGTTTTC

c-fos 59-GAGCTGACA
59-CAGTCTGCT

b-actin 59-GTGGGCCG
59-CTCTTTGAT

FIG. 1. Effects of serial passage on cell morphology. (A) Early pas
n day 7 in culture.
248
unctions. Intercellular communication can be demon-
trated by the transfer of low molecular weight dyes,
uch as lucifer yellow, through these channels. Retro-
pective analysis of lucifer yellow dye coupling data
evealed 64.6 6 13.2% coupling in early passage cells
Fig. 2). Late passage cells demonstrated only 43.5 6
0.7% coupling, a 33% decrease in GJIC (p , 0.05).
Connexin 43 (Cx43) is a major component of gap

unctions. RT-PCR revealed no significant difference in
x43 mRNA expression between early and late pas-
age cells whether in the proliferative (day 3) or differ-
ntiated (day 14) phase of development (data not
hown).

ell Proliferation Studies
3H-thymidine incorporation assays were performed

o study the effects of serial passage on cell prolifera-

ers for RT-PCR

ucleotides Fragment size (bp)

AACACCAACGC-39 474
AGGTCCAGGC-39
AGGTCCAGGC-39 323
GTTTGTAGGCG-39
GTGATGAACAG-39 498

CGTGGGACG-39
TACACTCCAAGCG-39 432
ATAGAAGGAACCG-39
TAGGCACCAA-39 540

CACGCACGATTTC-39

e (,20) and (B) late passage (.65) MC3T3–aE1 cells photographed
rim

igon

AC
TG
TG
GC
GG
TC
GA
GC

CTC
GT
sag
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ion. 3H-thymidine uptake was unchanged in un-
reated MC3T3-E1 cells between early (15320 6 2051
pm/well) and late passage groups (15093 6 4059 cpm/
ell). 3H-thymidine uptake increased with TGF-b1

reatment in early passage cells and decreased in late
assage cells (data not shown). There was no signifi-
ant effect by BMP-2 on cell proliferation.

TGF-b1 (2 ng/ml) stimulated 3H-thymidine incorpo-
ation by 78.5 6 27.2% (p , 0.05, n 5 10) when added
uring the proliferative phase, while it had no signifi-
ant effect when added during the differentiated phase
Fig. 3). BMP-2 (50 ng/ml) had no significant effect on

3H-thymidine uptake during either phase.
In primary cultures of rat osteoblast-like cells,

GF-b1 was shown to induce early gene expression of
-fos (16). c-fos is a growth factor-inducible immediate-
arly gene that encodes transcription factors which are
hought to activate a program of gene expression es-
ential for cell proliferation (22). In our cells, c-fos
RNA expression following TGF-b1 stimulation was

learly detected during the proliferative phase (day 3),
ut none was detected during the differentiated phase
day 14) (Fig. 4).

steoblast Functional Studies

ALP activity and OC secretion were measured to
tudy the effects of serial passage on MC3T3-E1 osteo-
lastic markers in response to BMP-2 and TGF-b1
timulation. Timed experiments on early passage cells
data not shown) revealed that basal ALP activity
teadily increased up to day 14 (49.1 6 6.7 mmoles/
in/mg protein) and subsequently declined. Basal OC

ecretion was detectable by day 10, increased up to day

FIG. 2. Effects of serial passage on gap junctional intercellular
ommunication. GJIC (measured as coupling percentage per dye
njection) was 64.6 6 13.2% and 43.5 6 10.7% in early and late
assage cells, respectively. Values are mean 6 S.D. of 4 individual
njections. (*p , 0.05).
249
1 (101.1 6 17.7 mg/mg protein), and remained ele-
ated. Basal ALP activity and OC secretion signifi-
antly decreased after multiple cell passages (Fig. 5).
MP-2 significantly enhanced ALP activity and OC
ecretion in early passage cells but minimally en-
anced their levels in late passage cells. TGF-b1 inhib-

ted ALP activity and OC secretion more in early than
ate passage cells.

ALP mRNA was detectable with RT-PCR by day 3
nd subsequently disappeared after day 7. ALP mRNA
xpression was inhibited by TGF-b1 but not by BMP-2
data not shown). OC mRNA was highly expressed in a
ime-dependent manner. OC mRNA expression was
nhibited by TGF-b1 and stimulated by BMP-2 (data
ot shown).

FIG. 3. Effects of cell differentiation on growth factor-mediated
ell proliferation. 3H-thymidine incorporation in early passage cells
reated with TGF-b1 (2 ng/ml) or BMP-2 (50 ng/ml) during the
roliferative (days 1–3) or differentiated phase (days 12–14). Values
re mean 6 S.D. of 10 replicates with control set at 100%. (* p , 0.02,
ompared to control).

FIG. 4. Effect of TGF-b1 on c-fos induction. RT-PCR using c-fos
rimers on total RNA from early passage cells in the proliferative
day 3) or differentiated phase (day 14).
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ISCUSSION

The osteoblast-like MC3T3-E1 cell is an established
ell line used in many laboratories for osteoblast func-
ional studies. Currently, cell passage numbers are not
outinely reported in these experiments. Our study
howed significant changes in MC3T3-E1 cell morphol-
gy, GJIC, cell proliferation, osteoblastic function, and
esponsiveness to TGF-b1 and BMP-2 after multiple
assages (.65).
MC3T3-E1 cells developed an elongated, spindle

hape after serial passages. Interestingly, MC3T3-E1
ells treated with TGF-b1 (2 ng/ml) were reported to
evelop a similar shape in our previous study (18). An
ndogenous up-regulation of TGF-b1 or its receptor
ay be one possible explanation for this morphologic

hange. Our cells were cultured in the presence of 10%
etal bovine serum, which has been reported to contain

significant amount of TGF-b1 (23). A cumulative
ffect of TGF-b1 from repeated passage may influence
his cell shape. The specific mechanism for this
assage-dependent change in cell morphology remains
nclear, and is currently under investigation.
Our study showed that MC3T3-E1 cells had signifi-

antly reduced intercellular communication after mul-
iple passages. Changes in cell coupling via gap junc-
ions may influence cell proliferation and phenotype.
he reduction of GJIC in late passage cells may offer
ne explanation for their decreased proliferation in
esponse to TGF-b1 and decreased ALP and OC levels.
T-PCR revealed no measurable difference in the
teady state level of Cx43 mRNA after serial passage
uggesting that a post-transcriptional process may
lter the functional cell-to-cell communication in
C3T3-E1 cells.
3H-thymidine incorporation assays after treatment
ith TGF-b1 showed that cell proliferation increased

n early passage cells while it decreased in late passage

FIG. 5. Effects of serial passage on MC3T3-E1 cell osteoblastic
unction. (A) ALP assays and (B) OC radioimmunoassays performed
n early (dotted bar) and late (striped bar) passage cells treated with
MP-2 (50 ng/ml) or TGF-b1 (2 ng/ml). Values are mean 6 S.D. of 4

eplicates.
250
ells. TGF-b1 has been reported to exhibit a differ-
ntiation-dependent biphasic effect on cell prolifera-
ion in MC3T3-E1 cells (24). TGF-b1 induced c-fos ex-
ression in early passage cells during the proliferative
hase but not during the differentiated phase. This
uggests that TGF-b1 may stimulate MC3T3-E1 cell
roliferation by the induction of c-fos transcription fac-
ors. BMP-2 did not have any significant effects on cell
roliferation.
MC3T3-E1 cell osteoblastic function, as measured by
LP activity and OC secretion, decreased after serial
assage. BMP-2 significantly enhanced ALP activity
nd TGF-b1 inhibited its activity in early passage cells.
oth growth factors had limited effects on ALP in late
assage cells. ALP activity peaked on day 14 and did
ot appear to be mediated directly by the expression of

ts mRNA which not detectable after day 7. In other
tudies using rat primary cultures, ALP mRNA was
nduced in proliferating cells within an hour of treat-

ent with hydroxyurea (a proliferation inhibitor) but
isappeared after 4 h (4). These findings suggest that
MP-2 stimulation of ALP activity occurs at the post-

ranscriptional level.
BMP-2 significantly enhanced OC secretion in early

assage cells but had minimal effect on late passage
ells. TGF-b1 inhibited this osteoblastic marker in
arly passage cells only. OC secretion appeared to be
ediated directly by expression of its mRNA, which

ncreased in a time-dependent manner. Other investi-
ators have observed that OC mRNA did not appear
ntil day 6 or day 21 of culture (4, 6). This discrepancy
ay be explained by the higher sensitivity of RT-PCR

n detecting minute quantities of RNA. Northern anal-
sis in our control and BMP-2 treatment groups did not
etect OC mRNA expression until day 10.
Aging bone is characterized by a decrease of osteo-

rogenitor cells (25), uncoupled bone turnover, reduced
one mass and bone formation (26), and decreased
esponsiveness to hormones and growth factors (27).
n age-related decline in metabolic function has also
een observed at the cellular level. Several attempts
ave been made to develop an in vitro aging bone
odel by establishing primary cultures from young

nd old animals (28). These attempts were limited by
he low yield of aged cells but were able to demonstrate
iminished cell proliferation and decreased responsive-
ess to local and systemic growth factors with increas-

ng age (29, 30, 31). Osteoblastic function and cell
roliferation were significantly reduced in primary
steoblast-enriched cell cultures from old vs. young
ubjects (29, 32).
In vitro cellular aging has been studied most exten-

ively with human diploid fibroblast (HDF) cells. Be-
inning with Hayflick and Moorhead’s observation that
hese cells had a limited doubling capacity, replicative
enescence has been interpreted as aging on a cellular
evel (33, 34). MC3T3-E1 cells do not have a finite
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opulation doubling limit. Senescent HDF cells are
arger than early passage HDF cells (35) and their
eplicative potential has been shown to be inversely
elated to their early G1 volume (36). Serial passage of
C3T3-E1 cells result in cells of variable size and
orphology, which could result from selective passage
ithin a heterogeneous clonal cell population. These
ndings limit the association between multiple cell
assages and in vitro cellular aging. It remains unclear
hether decreased cellular function and proliferation

n serially passaged MC3T3-E1 cells truly reflect aging
one in vivo.
It is clear, however, that the cell passage number is

n important variable in the proliferative capacity and
steoblastic function of MC3T3-E1 cells. Passage num-
ers should be clearly defined in functional studies
sing MC3T3-E1 cells.
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