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Abstract Murine C3H10T1/2 cells have many features of
mesenchymal stem cells (MSCs). Whether or not the
multipotent differentiation capability of C3H10T1/2 cells
is comparable to that of primary bone marrow—derived
MSCs (BM-MSCs) was investigated in this study. For
in vitro osteogenic differentiation, both BM-MSCs and
C3HI10T1/2 cells differentiated to osteoblastic cell lineage
and showed positive staining for alkaline phosphatase
(ALP) and increased mRNA expression of Runx2, Collal,
and osteocalcin. C3H10T1/2 cells and BM-MSCs induced
similar amounts of bone formation in the biomaterials.
Under chondrogenic induction in the presence of TGF-f1,
cell pellets of both BM-MSCs and C3HI0T1/2 cells
formed cartilage-like tissues with cartilage matrix compo-
nents including proteoglycan, type II collagen, and
aggrecan. However, C3HI0T1/2 cells presented lower
adipogenic differentiation potential, with only about 10%
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C3HIO0T1/2 cells (but about 70% of BM-MSCs) being
committed to adipogenesis. In this study we confirmed that
C3H10T1/2 cells coimplanted with osteoconductive scaf-
folds can form bone spontaneously in vivo and that
C3HI0T1/2 cells have a basal level of osteocalcin
expression, suggesting that they may be a good alternative
source of primary BM-MSCs for investigating osteogenic
and chondrogenic differentiation in bone or cartilage tissue
engineering studies. Caution is needed when using
C3H10T1/2 cells for adipogenic studies as they appear to
have lower adipogenic potential than BM-MSCs.

Keywords Mesenchymal stem cell - C3H10T1/2 cell -
Osteogenesis - Chondrogenesis - Adipogenesis

Mesenchymal stem cells (MSCs) are pluripotent cells that
are capable of self-renewing, and their progeny gives rise
to various mesenchymal tissues [1]. Despite their having
been isolated from circulating blood [2, 3], cord blood [4,
5], placenta [6], heart [7], amniotic fluid [8], adipose tissue
[9], synovium [10], skeletal muscle [11], pancreas [12], and
deciduous teeth [13], bone marrow is still considered the
most accessible source of MSCs (BM-MSCs). BM-MSCs
are capable of differentiating into osteoblasts, chondro-
cytes, adipocytes, fibroblasts, hepatocytes, neural cells,
etc., and can give rise to cartilage [14], bone [15, 16],
tendon [17], muscle [18, 19], and many other tissues. BM-
MSCs together with biomaterial scaffolds are employed to
repair bone defects. Both direct transplantation and appli-
cation of genetically modified MSCs for the treatment of
bone defects and osteogenesis imperfecta have promising
therapeutic effects [20, 21]. Other tissues such as cartilage,
tendons, ligaments, and even heart are also the targets of
MSC therapeutic applications [22-24].
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The C3H10T1/2 cell line was established in 1973 from
C3H mouse embryos 14—17 days old [25]. Under normal
cell culture conditions, C3H10T1/2 cells display fibroblastic
morphology, while they are able to develop into osteoblasts,
chondrocytes, as well as adipocytes [26-30] under specific
inductions. C3H10T1/2 cells acquire osteoblastic pheno-
type under stimulation of bone morphogenetic proteins
(BMPs) [26, 31-33], hedgehog proteins [34], interleukins
[35], and Wnt family members [36]. Chondrogenic induc-
tion is mostly performed using micromass or monolayer
culture systems and under stimulation of BMP-2 [27, 37],
TGF-f1 [29], or a combination of other chondrogenic fac-
tors [28]. BMP-2 and BMP-4 could also induce C3H10T1/2
cells to differentiate toward to adipogenic lineage [30, 38—
40]. C3H10T1/2 cells have also been used to investigate
gene function in vivo [41, 42], but the differentiation
capability of C3H10T1/2 cells has not been purposely
compared with that of primary BM-MSCs from C3H mice.

BM-MSCs are an attractive cell source for both in vitro
study and in vivo tissue repair; however, BM-MSCs show
heterogeneity in colony sizes, colony-forming rates, and
cell morphology during isolation/expansion [43], and they
have spontaneous differentiation potential. In contrast,
C3HI10T1/2 cells have homogeneous populations and do
not undergo spontaneous differentiation under normal
culture conditions, and they may be used as an alterative
cell source to primary BM-MSCs in many studies. The aim
of this study was to compare the differentiation potentials
of C3H10T1/2 cells with mouse primary BM-MSCs in
culture systems and in transplantation animal experiments.

Materials and Methods
Cell Culture and Multilineage Differentiation Induction

Murine C3H10T1/2 cells (ATCC, Manassas, VA, USA)
were routinely cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS; Invitrogen, Carlsbad, CA) with 5% CO, at
37°C. BM-MSCs of C3H mice (Harlan, Bicester, UK;
3 months old, male) were isolated from femur bone marrow
washouts by density gradient centrifugation as previously
decribed [16], plated at a density of 2 x 105/cm2, and
cultured in DMEM containing 10% FBS. For osteogenic
induction, both BM-MSCs and C3HI10T1/2 cells were
cultured in basal medium supplemented with 50 mg/mL L-
ascorbic acid, 10 mM f-glycerophosphate, and 10~% M
dexamethasone (Sigma, Dorset, UK). For chondrogenic
induction, 5 x 107 cell aliquots were spun down at 500 x g
for 5 minutes in 15 mL conical polypropylene tubes and
cultured in serum-free medium supplemented with 10~ M
dexamethasone, 0.2 mM L-ascorbic acid-2 phosphate

(Sigma, Dorset, UK), 1 mM sodium pyruvate (BDH Lab-
oratory Supplies, Dorset, UK), BD™ITS + Premix 1:100,
and 10 ng/mL. TGF-fi1 (PeproTech EC, London, UK).
Medium was changed every 2 days with freshly added
TGF-f1, and the pellets were spun at 500x g for 5 minutes
once a day. For adipogenic induction, cells were cultured in
serum-free medium supplemented with 0.5 mM 3-isobutyl-
1-methylxanthine, 50 pM indomethacin, and 10 M dexa-
methasone. The medium was changed every 3 days.

Cytochemistry Staining
Alkaline Phosphatase (ALP) Staining

At day 28 of osteogenic induction, cells were stained with
the Alkaline Phosphatase Leukocyte kit (Sigma) according
to the protocols supplied.

Alcian Blue Staining

At day 28 of chondrogenic induction, fresh cell pellets
were embedded in OCT compound (Tissue-Tek, Hatfield,
PA, USA) in cryomolds, snapped in isopentane precooled
in liquid nitrogen, and stored at —80°C until needed.
Cryostat sections (4-8 um) were taken and subjected to
staining. Sections were fixed in ice-cold acetone for
30 minutes, stained in alcian blue solution (pH 2.5) for
10 minutes, washed well in tap water, then dehydrated and
mounted.

Oil Red O Staining

At 7-10 days of adipogenic induction, cells were washed
twice with PBS, fixed with 10% neutral buffered formalin
for 30 minutes, stained with 0.5% oil red O in isopropa-
nol:distilled water (60:40) for 30 minutes, then air-dried
and photographed under a microscope.

Immunohistochemical Staining for Type II Collagen
on Cryosections

Cryosections derived from chondrogenically induced cell
pellets were washed in PBS after fixation in ice-cold
acetone, treated with 3% H,0O, for 5 minutes, and
blocked in 10% normal serum and 0.1% bovine serum
albumin (BSA) in PBS for 20 minutes. Sections were
sequentially incubated with or without type I collagen
primary antibody diluted 1:100 for 1 hour, then biotin-
ylated secondary antibody diluted 1:100, then horseradish
peroxidase (HRP)-streptavidin, and developed in diam-
inobenzidine substrate. Sections were counterstained with
hematoxylin.
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RNA Isolation and Real-Time PCR

Total RNA was extracted using Trizol (Invitrogen, UK)
from C3H10T1/2 cells and C3H BM-MSCs cultured under
osteogenic/chondrogenic/adipogenic induction conditions.
First-strand ¢cDNA was synthesized from 1 pg of total
RNA using the ImProm-II"™ Reverse Transcription system
(Promega, Southampton, UK). All oligonucleotide PCR
primers used in this study are shown in Table 1. mRNA
expression levels of target genes were compared using
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
expression in the same RNA preparations as the internal
control.

Nude Mouse Transplantation Experiment

Sterilized Skelite™ porous calcium phosphate resorbable
blocks (0.3 x 0.3 x 0.3 cm; Millenium Biologix, Kings-
ton, Canada) were coated with fibronectin (100 mg/mL)
prior to cell seeding. C3H10T1/2 cells and BM-MSCs
under basal culture conditions were trypsinized with
0.25 M EDTA and 0.05% trypsin (Invitrogen, Abingdon,
UK) on the day of implantation and resuspended in
PBS at 2.5 x 10° cells/mL. Cell suspension (0.2 mL,
0.5 x 10° cells) was loaded onto each block, incubated at
37°C for 3 hours to allow cell attachment, and then
delivered to the operating room. Male nude mice (Harlan,
UK), 4-6 weeks old, were anesthetized with pentobarbital
at a concentration of 50 mg/kg. A 2-cm cut was made
alone the middle line at the back, four Skelite
blocks with or without cells were implanted into four
subcutaneous pockets in each mouse, and the skin cut
was sutured. Animals were killed 8 weeks after
transplantation.

Table 1 Nucleotide sequences for PCR primers

Histological Observation

All mice were killed at 8 weeks postsurgery, and the
implants were carefully removed. Specimens were fixed
with 10% neutral buffered formalin for 48 hours, decal-
cified in neutral buffered 8% formic acid for 2 weeks, and
then embedded in paraffin. Five-micrometer sections were
cut and subject to hematoxylin and eosin (H&E) staining.
To quantify the amount of bone formation, x400 magni-
fication digital photos were taken at five randomly
selected fields in each section and saved in TIFF format.
These images were analyzed using image analysis soft-
ware (Bioquant Nova 4.00.8; Bioquant, Nashville, TN,
USA). The average bone tissue in each of the samples
was expressed as a percentage pixel of the total area
pixel.

Results

Comparison of Osteogenic Differentiation between
C3H10T1/2 Cells and BM-MSCs

C3H10T1/2 cells were demonstrated to possess similar
osteogenic differentiation potential as primary BM-
MSCs. After 5-7 days of culture, a small percentage of
cells isolated from the mononuclear cells of bone mar-
row aspirate formed colonies. BM-MSCs were of
fibroblastic morphology but larger than C3H10T1/2 cells
(Fig. la—c). After osteogenic induction for 28 days, in
BM-MSCs approximately 40-50% of cells were ALP-
positive (Fig. 1d) compared with control cells (Fig. le)
and there was nodule-like tissue formation; a similar
percentage of C3HI10T1/2 cells were ALP-positive
(Fig. 1f), but there was no nodule-like tissue formation

Gene Gene bank accession number Size of PCR product (bp) Primer sequence

Primers for RT-PCR

Runx2 NM_009820 297 5'-GGACGAGGCAAGAGTTTCAC-3' (F)
5'"TGCCTGCCTGGGATCTGTAA-3’ (R)

Collal NM_007742 300 5'-CTGACCTTCCTGCGCCTGATGTCC-3' (F)
5'-GTCTGGGGCACCAACGTCCAAGGG-3' (R)

Osteocalcin NM_001032298 327 5'-AGTCACCAACCACAGCATCC-3' (F)
5'-TTTGTCCCTTCCCTTCTGCC-3' (R)

Col2u1 NM_031163 268 5'- GAACAACCAGATCGAGAGCA -3’ (F)
5’- CTCTCCAAACCAGATGTGCT -3’ (R)

Aggrecan NM_007424 297 5'-CTGGAGACAGGACTGAAATC-3' (F)
5'-CTCCATTCAGACAAGGGCTT-3' (R)

PPARy2 NM_011146 550 5'-TCTGATTATGGGTGAAACTC-3'(F)

5-TTTCTACTCTTTTTGTGGATC-3'(R)

@ Springer



L. Zhao et al.: Mouse BM-MSCs and C3H10T1/2 Cells

59

Fig. 1 Cell culture and
osteogenic induction of BM-
MSCs and C3H10T1/2 cells. a
Primary culture and expansion
of BM-MSCs. b First-passage
BM-MSCs in culture. ¢
C3H10T1/2 cells in culture. d
ALP staining in BM-MSCs after
osteogenic induction. e ALP
staining in BM-MSCs without
osteogenic induction. f ALP
staining in C3H10T1/2 cells
after osteogenic induction. g
ALP staining in C3H10T1/2
cells without osteogenic
induction. a-g Bar = 50 pm. h
mRNA expression of Runx2,
Collal, and osteocalcin in BM-
MSCs and C3H10T1/2 cells
treated with or without
osteogenic inductive condition
for 28 days, with GAPDH as an
internal control

Control OS-induced Control OS-induced
BM-MSCs C3H10T1/2

(Fig. 1g). At the mRNA level, BM-MSCs and C3H10T1/2
cells showed analogous expression patterns of osteogenic
markers (Fig. lh). Genes coding transcription factor
Runx2 and type I collagen were expressed at the basal
level in the two cell types before osteogenic induction,
but their expressions were significantly enhanced
after osteogenic induction (Fig. 1h). Before osteogenic
induction, BM-MSCs had no detectable osteocalcin
expression, while C3H10T1/2 cells exhibited a basal
level expression of osteocalcin; however, osteocalcin
gene expression was significantly enhanced after osteo-
genic induction in both BM-MSCs and C3H10T1/2 cells.
Therefore, C3H10T1/2 cells may possess higher osteo-
genic differentiation potential in vitro compared to BM-
MSCs.

Comparison of Chondrogenic Differentiation Between
C3H10T1/2 Cells and BM-MSCs

C3HIO0T1/2 cells showed comparable chondrogenic
differentiation potential in a pellet induction system as BM-
MSCs (Fig. 2). Compared to the control group where TGF-
B1 was absent (Fig. 2 al-3), BM-MSCs that underwent
4 weeks of chondrogenic pellet induction developed mul-
tilayered matrix-rich morphology (Fig. 2 b1-3). C3H10T1/
2 cells had similar morphology after 4 weeks of chondro-
genic induction (Fig. 2 c1-3). Both cell types showed
positive staining for alcian blue (Fig. 2 b2, c2) as well as
type II collagen (Fig. 2 b3, c3), confirming the production
of cartilage extracellular matrix. RT-PCR results demon-
strated that the transcription of genes coding type II
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Fig. 2 Chondrogenic induction
of BM-MSCs and C3H10T1/2
cells. al-c3 Representative
images of H&E staining, alcian
blue staining, and
immunostaining of type II
collagen on BM-MSCs and
C3H10T1/2 cells cultured under
pellet chondrogenic inductive

Control

conditions for 28 days. al-c3 Chon-
Bar = %00 pm. b mRNA tnduced
expression of Col2«l and
aggrecan in BM-MSCs and BM-MSCs
C3H10T1/2 cells under
chondrogenic inductive
conditions for 28 days, with
GAPDH as an internal control
Chon-
induced
C3H10T1/2

H&E

D

Type 11 collagen

collagen and aggrecan had been induced after chondrogenic
induction in both cell types at a comparable level (Fig. 2d).

Comparison of Adipogenic Differentiation Between
C3H10T1/2 Cells and BM-MSCs

Differentiation toward to adipogenic lineage is an impor-
tant characteristic of BM-MSCs. Culture for 5-10 days
under defined conditions led to marked adipogenic phe-
notype in BM-MSCs, and lipid-rich vacuoles accumulated
within approximately 70% of the cells that were positive
for oil red O staining (Fig. 3a, b). Only about 10% of
C3H10T1/2 cells secreted lipid droplets and stained posi-
tively by oil red O (Fig. 3c, d). RT-PCR results showed
that peroxisome proliferator-activated receptor 72
(PPAR?y2), a critical transcription factor for adipocyte
development, was not detectable in C3H10T1/2 cells and
BM-MSCs before adipogenic induction, but it was

@ Springer

Aggrecan

GAPDH

Alcian
blue

Type 11
collagen

Chon-induced Control Chon-induced

BM-MSCs

C3H10T1/2 cells

expressed in both cell types after adipogenic induction
(Fig. 3e). mRNA expression of PPAR)2 in BM-MSCs was
much stronger than that in C3H10T1/2 cells under adipo-
genic inductive conditions for 7 days, with GAPDH as an
internal control, indicating that C3H10T1/2 cells may
possess lower adipogenic differentiation potential com-
pared to BM-MSCs.

In Vivo Bone Formation of C3H10T1/2 Cells
and BM-MSCs

After 8-week implantation in nude mice, bone formation
was found in all the implants loaded with either BM-MSCs
or C3H10T1/2 cells, but no bone formation was seen in the
control group when only scaffolds were implanted (Fig. 4).
The newly formed bone was mainly at the porous surfaces
inside the scaffolds. We did not see cartilage in either of the
groups. There was no significant difference in the amount of
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Fig. 3 Adipogenic
differentation of BM-MSCs and
C3H10T1/2 cells.
Representative images of oil red
O staining on BM-MSCs (a) and
C3HI10T1/2 cells (¢) cultured
under adipogenic inductive
conditions for 7 days. No
positive red O staining is seen in
BM-MSCs (b) and C3H10T1/2
cells (d) cultured without
adipogenic induction. a-d

Bar = 50 pm. e mRNA
expression of PPARy2 in BM-
MSCs was stronger than that in
C3H10T1/2 cells under
adipogenic inductive conditions
for 7 days, with GAPDH as an
internal control

GAPDH

bone formation between BM-MSCs and C3H10T1/2 cells
(16.0 £ 5.0 vs. 14.5 £ 7.0%, P > 0.05, Student’s t-test).

Discussion

MSCs have multipotent differentiation potential and vig-
orous self-renewal capability. Inducing MSC differen-
tiation to various cell lineages in vitro and in vivo may be
used as a model to study the molecular and cellular events
during mesenchymal tissue development. Culture-expan-
ded MSCs or genetically modified MSCs have been
employed in the regeneration of various tissues, including
bone, cartilage, tendons, ligaments, and heart [22-24].
Unselected MSCs contain heterogenous cell populations
that may affect their characterization and application. The
ratio of MSCs in nucleated marrow cells, determined by
colony-forming efficiency, is culture condition—dependent
and varies among different species. MSCs also show

Adi-induced

Control Adi-induced Control

BM-MSCs C3H10T1/2 Cells

heterogeneity in colony size, colony-forming rate, as well
as morphology, which ranges from fibroblast-like and
spindle-shaped cells to large and flat cells [43].

MSCs possess distinct spontaneous differentiation
potentials. After culture in basal medium for 20 days, some
colonies were strongly positive for ALP while others were
negative. Some colonies accumulated fat droplets identified
by oil red O staining, whereas others occasionally under-
went chondrogenic differentiation and showed positive
alcian blue staining [44]. Pittenger et al. [45] reported that
only one-third of adherent BM-MSC colonies were plu-
ripotent (osteo-/chondro-/adipogenic), while most colonies
exhibited bipotentiality (osteo-/chondrogenic) or unipo-
tentiality (osteogenic). The heterogeneity seen in the MSC
differentiation potential is therefore due to mixed cell
populations or subpopulations at different differentiation
states in the MSC pool [15, 46].

In contrast, C3H10T1/2 cells, an immortalized cell line
from mouse embryo, represent a homogeneous cell
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Fig. 4 Representative H&E
staining of the blocks after 8-
week implantation in nude
mice. a Section of block
implanted with BM-MSCs for
8 weeks showed new bone
formation (arrows). al Boxed
area in a. b Section of block
implanted with C3H10T1/2
cells for 8 weeks showed new
bone formation (arrows). bl
Boxed area in b. ¢ Section of
block loaded with PBS only
implanted for 8 weeks showed
only fibrous tissue formation. ¢l
Boxed area in c. All

bars = 1 mm

population without spontaneous differentiation under
basal culture conditions and yet possess many MSC
characteristics. Under the same osteogenic and chondro-
genic inductive conditions applied to BM-MSCs,
C3H10T1/2 cells showed comparable or similar osteogenic
and chondrogenic differentiation potential. However, under
the same adipogenic inductive conditions, C3H10T1/2
cells formed a lower percentage of oil red O-positive cells
and expressed a lower level of PPAR than primary BM-
MSCs. As we have demonstrated that C3H10T1/2 cells
have a basal level of osteocalcin gene expression, they may
belong to bipotential (osteo/chondro) subpopulations of
BM-MSCs. Interestingly, C3H10T1/2 cells could commit
to the adipocyte lineage under stimulation of specific
growth factors such as BMP-2 and BMP-4 [30, 38-40],
suggesting that they may use different signaling pathways
for adipogenic differentiation from BM-MSCs.

In conclusion, in this study we have confirmed that
C3H10T1/2 cells coimplanted with osteoconductive

@ Springer

scaffolds can form bone spontaneously in vivo and that
C3H10T1/2 cells have a basal level of osteocalcin
expression, suggesting they may be a good alternative cell
source of primary BM-MSCs for investigating osteogenic
and chondrogenic differentiation in bone or cartilage tissue

engineering studies. Caution is needed when using
C3H10T1/2 cells for adipogenic studies as they appear to
have lower adipogenic potential than BM-MSCs.
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