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Mesenchymal stem cells (MSCs) have currently generated numerous interests in pre-clinical and clinical
applications due to their multiple lineages differentiation potential and immunomodulary effects. How-
ever, accumulating evidence indicates that MSCs, especially murine MSCs (mMSCs), can undergo sponta-
neous transformation after long-term in vitro culturing, which might reduce the therapeutic application
possibilities of these stem cells. In the present study, we observed that in vitro expanded bone marrow
(BM) derived mMSCs from the C57Bl/KaLwRij mouse strain can lose their specific stem cells markers
(CD90 and CD105) and acquire CD34 expression, accompanied with an altered morphology and an
impaired tri-lineages differentiation capacity. Compared to normal mMSCs, these transformed mMSCs
exhibited an increased proliferation rate, an enhanced colony formation and migration ability as well
as a higher sensitivity to anti-tumor drugs. Transformed mMSCs were highly tumorigenic in vivo, result-
ing in aggressive sarcoma formation when transplanted in non-immunocompromised mice. Furthermore,
we found that Notch signaling downstream genes (hey1, hey2 and heyL) were significantly upregulated in
transformed mMSCs, while Hedgehog signaling downstream genes Gli1 and Ptch1 and the Wnt signaling
downstream gene beta-catenin were all decreased. Taken together, we observed that murine in vitro
expanded BM-MSCs can transform into CD34 expressing cells that induce sarcoma formation in vivo.
We assume that dysregulation of the Notch(+)/Hh(�)/Wnt(�) signaling pathway is associated with the
malignant phenotype of the transformed mMSCs.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

A malignant neoplasm is a heterogeneous entity, containing
both stroma and cancer cells. In the recent decades, much efforts
were done to identify cancer-initiating cells or cancer stem cells
(CSC) [1–5], although the existence of CSC is still in debate for sev-
eral malignancies. On the other hand, some normal cell types, in
particular mesenchymal stem cells (MSCs), have drawn great
attention because they can transform into malignant cells sponta-
neously, or are induced by certain compounds and epigenetic mod-
ification [6–16].

MSCs, a population of multipotent non-haematopoietic progen-
itor cells, possess self-renewing, multi-lineage differentiation
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potential, immunomodulary properties, capacity for homing to
injury/tumor sites and capacity for production of a variety of cyto-
kines/chemokines. Therefore, these cells are considered to be useful
for a number of therapeutic applications, including tissue regener-
ation, support of hematopoietic stem cells (HSC) engraftment, con-
trol of graft-versus-host disease (GVHD) and autoimmune diseases,
prevention of rejection after solid organ transplantation, tissue
engineering and also as gene therapy vehicles [17–20]. MSCs have
been isolated not only from bone marrow but also from various
other sources, including placenta, amniotic fluid, cord blood, fetal li-
ver and adipose tissue [21–25]. Although the safety of MSC applica-
tion has been emphasized in several reports [26,27], some groups
demonstrated that MSCs can undergo spontaneous transformation
in vitro and provided evidence that MSCs can behave as cancer stem
cells in sarcomas [6–14]. Murine MSCs (mMSCs) seem to undergo a
higher rate of transformation compared with human MSCs (hMSCs).
This malignant transformation is associated with increased level of
telomerase activity, p53 loss, oncogene activation, and/or accumu-
lated chromosomal instability [8–13]. In addition, one recent study
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demonstrated that not only long-term but also short-term cultured
mMSCs could form malignant sarcoma in vivo [14].

Our initial study aimed to explore the role of MSCs in the tumor
microenvironment. Unexpectedly, we observed during the primary
culture of mMSCs, that in vitro expanded mMSCs underwent spon-
taneous transformation. The malignant transformed mMSCs (MT-
mMSCs) showed a malignant phenotype, including an increased
proliferation rate, altered morphology, less sensitivity to anti-tu-
mor drugs and enhanced colony-formation ability and migration
ability. Moreover, these cells could form sarcoma in vivo. However,
compared to the observations of other groups, the type of the
transformed cells in our study had different features. We found
that MT-mMSCs had lost typical MSC markers CD90 and CD105
while acquiring CD34 expression. Furthermore, we found that
MT-mMSCs exhibited dysregulated Notch, Hedgehog (Hh) and
Wnt pathways compared to their normal counterparts, indicating
a clinical relevance for sarcoma treatment by targeting Notch, Hh
and Wnt pathways.
2. Materials and methods

2.1. mMSCs primary culture

Six-to-eight-week-old female C57Bl/KaLwRij mice (from Harlan
CPB, the Netherlands) were sacrificed by cervical dislocation, and
BM was collected by flushing out the content of femurs and tibias
with RPMI 1640 (Lonza, Verviers, Belgium). Cells were then plated
at 1 � 106 cells/cm2 in McCoy’s 5A media (Lonza, Verviers,
Belgium) containing 10% FBS ‘‘Gold’’ (PAA Laboratories GmbH,
Pasching, Austria), 1% L-glutamine (Lonza, Verviers, Belgium) and
1% penicillin/streptomycin (Lonza, Verviers, Belgium). After 24 h
the culture was washed by PBS to remove non-adherent cells
and replaced with fresh complete medium every 3 days. Once pri-
mary culture (passage 0) became 80–90% confluent, the cells were
detached with 0.25% trypsin/1 mM EDTA (Lonza, Verviers, Bel-
gium), and plated in complete medium at 1000 cells/cm2 (Nunc,
VWR International, Leuven, Belgium). Subsequent passages were
performed similarly, but split ratios were 1:2. mMSCs were charac-
terized by their fibroblast-like morphology, a distinctive panel of
surface markers (CD90+, CD105+, CD34� and CD45�) and their
differentiation potential towards adipocytes, osteoblasts and chon-
drocytes in special induction medium. FACS staining and tri-line-
age differentiation induction were performed as described
previously [28]. All the experiments were approved by the Ethical
Committee for Animal Experiments, VUB (License No. LA1230281).

2.2. Thymidine incorporation assay

1 � 104 cells were plated in 96-well plates in McCoy’s 5A with
10% FBS. Sixteen hours before harvest, cells were pulsed with
1 lCi [methyl-3H]thymidine (Amersham, Buckinghamshire, UK).
Cells were harvested using a cell harvester (Inotech, Wohlen,
Switzerland) onto fiberglass filters. Filters were dried for 1 h in a
60 �C oven, sealed in sample bags containing 4 mL of Optiscint
Scintillation Liquid and radioactivity was counted using a 1450
Microbeta Liquid Scintillation Counter (all from Wallac, Turku,
Finland). Results are expressed as the relative DNA synthesis.

2.3. Doubling time

Normal mMSCs or MT-mMSCs were plated at 2000 cells/well in
6-well culture plates, and the cells from each well were trypsinized
and counted in duplicate with a hemocytometer every 2 days for a
total 12 days. The growth curves were then plotted. The doubling
time was calculated according to the equation: TD = t � lg2/lg(Nt/
N0), where N0 is the initial cell number, Nt is the end point cell
number, and t is time interval.

2.4. 3D matrigel culture system

2 � 104 cells suspended in 100 ll of serum-free McCoy’s 5A
media were mixed with 400 ll Matrigel and overlaid on the sur-
face of 24-well plate pre-coated with 500 ll of diluted (1:1) Matri-
gel layer. When the upper Matrigel became solidified, 200 ll
McCoy’s 5A with 10% FBS was added. After 15 days of incubation,
the colony formations were compared.

2.5. Wound healing assay

1 � 106 cells/well were seeded in 6-well plates and cultured
overnight at 37 �C in 5% CO2. A straight scratch was gently made
through the central axis of the plate using a micropipette tip. The
plates were rinsed with PBS, and serum-free RPMI1640 was added.
After 24 h of incubation, the number of cells migrating into the
acellular area created by scratching was compared under an in-
verted microscope at a �100 magnification. (Nikon ECLIPSE TS
100 with Nikonn Digital sight DS-Fi1).

2.6. Anti-tumor drugs treatment

Cells were cultured at a density of 2000 cells/well in a 96 well-
plate at various concentrations of HDAC inhibitor-Vorinostat (0,
0.01, 0.1, 0.5, 1, 5, 10 and 50 lM) and proteasome inhibitor-Bort-
ezomib (0, 0.1, 0.5, 1, 5, 10, 50 and 100 nM)). Three days later, cell
viability was determined using CellTiter-Glo� (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. The IC50 (con-
centration at which enzyme activity is inhibited by 50%) was calcu-
lated using Graphpad Prism (Graphpad Software, La Jolla, CA, USA).

2.7. In vivo transplantation of murine MSCs

To assess tumorigenesis in vivo, 2 � 106 transformed and non-
transformed mMSCs were transplanted on the back of non-immu-
nocompromised C57BL/KaLwRij mice (three mice per group). Two
months later, when a visible mass was formed, the mass was re-
moved and paraffin embedded sections were made and evaluated
by an experienced pathologist.

2.8. Quantitative real time PCR

Total RNA was isolated from MSCs using Trizol (Invitrogen) and
RNeasy Mini Kit (Qiagen), following the manufacturer’s instruc-
tions. The concentration and purity of RNA were determined by
the Quant-iT RNA BR Assay kit (Invitrogen) with Qubit fluorometer
(Invitrogen). cDNA was synthesized using the Thermoscript
RT-PCR system (Invitrogen) with random hexamers as primers.
Quantitative real-time PCR analysis was done using the iCycler
(Bio-Rad Laboratories) using the SYBR GreenER qPCR SuperMix
for iCycler (Invitrogen) according to manufacturer’s instructions.
The primer sequences used are listed in Supplementary Table.
Transcript levels were normalized to housekeeping gene beta-actin
and analyzed by the relative quantification 2�DDCt method.

2.9. Statistical analysis

Statistical significance was assessed by comparing mean values
(±SD) using the Mann Whitney test. p < 0.05 was considered as sta-
tistically significant. All experiments were repeated in triplicates at
least.



Fig. 1. Characteristics of normal and MT-mMSCs. (A) Characterization of normal murine MSCs (mMSCs). mMSCs show a large and spindle shape and exhibit robust tri-lineage
differentiation. They are positive for CD90 and CD105, but negative to CD34 and CD45. (B) Characterization of malignant transformed murine MSCs (MT-mMSCs). MT-mMSCs
have a small, round or irregular shape, and show a much lower tri-lineages differentiation capacity. MT-mMSCs are negative for CD90 and CD105 but positive for CD34.
Differentiation into adipocytes, osteoblasts, and chondrocytes is shown by Oil Red O staining, alizarin red s staining and collagen type II staining. Scale bar = 100 lm.
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3. Results and discussion

3.1. Characteristic alteration of MT-mMSCs

Since MSCs received a lot of interest for various clinical applica-
tions, the safety problems of MSC therapy have also been raised. In
long term in vitro cultures, mMSCs have been reported to gradually
lose their stem cell properties and transform into malignant cells
due to genetic instability, p53 depletion, and/or oncogene activa-
tion (9–12). For hMSCs, the reports so far were controversial. Some
said hMSCs would not transform even though undergoing a long
term in vitro culture, while others observed that a subgroup of
hMSCs were able to transform into sarcoma cells. In our experi-
ence, we never observed any malignant transformation of hMSCs
in all cultures up to passage 15, but the proliferation of some
hMSCs went down after passage 10. However, we did observe that
mMSCs were more prone to accelerate their growth in the late
passages (more than passages 8–10). However, we only observed
very occasional incidence (less than 10%) of mMSCs spontaneous
transformation into sarcoma cells, which is not consistent with
the previous studies mentioning that mMSCs frequently under-
went malignant transformation.

In our cultures, mMSCs at passages 4 and 5 exhibited a typical
fibroblast-like morphology, were positive for CD90 and CD105
but negative for CD34 and CD45. They have the capacity to differ-
entiate into chondrocytes, osteoblasts, and adipocytes (Fig. 1A),
which meet to criteria to define MSCs proposed by Mesenchymal
and Tissue Stem Cell committee of the International Society for
Cellular Therapy (ISCT) [29]. However, in one primary culture fol-
lowing the same expansion condition, we surprisingly observed
that mMSCs at passage 8–9, suddenly started to grow faster,
accompanied with that the morphology changed from large and
spindle to small, round and irregular shape (Fig. 1B). Moreover,
MT-mMSCs, in contrast to the normal MSCs, lost both stem cells



Fig. 2. MT-mMSCs have a malignant phenotype. (A) The proliferation rate of MT-mMSCs is much higher than normal mMSCs, as examined by the thymidine incorporation
assay. (B) Doubling time of MT-mMSCs is much shorter than normal mMSCs. (C) MT-mMSCs are more sensitive to HDAC inhibitor Vorinostat and proteasome inhibitor
Bortezomib. (D) MT-mMSCs show an enhanced colony formation in vitro. One of three independent experiments is shown. (E) MT-mMSCs have higher migration capacity in
the wound healing assay. One representative picture of five experiments is shown. ⁄p < 0.05.
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Fig. 3. MT-mMSCs form sarcoma in vivo. (A) 2 � 106 MT-mMSCs were injected s.c.
into naive mice. Two months later, a visible tumor mass formed in situ. n = 3. (B)
Histological analysis showed undifferentiated spindle cells with elongated or
pleomorphic nuclei and scant acidophilic cytoplasm with mitotic activity repre-
senting a highly aggressive sarcoma. One representative picture is shown. Scale bar,
100 lm.

Fig. 4. MT-mMSCs exhibit over-activated Notch and de-activated Hh and Wnt
pathway activity. By real time PCR, MT-mMSCs show significant lower Hh pathway
(Ptch1 and Gli1) and Wnt pathway (beta-catenin) but higher Notch pathway (hey1,
hey2 and heyL) activity compared to normal mMSCs (passage 5). ⁄p < 0.05.
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markers CD90 and CD105, whereas they acquired CD34 expression
compared to normal mMSCs (Fig. 1B). Meanwhile, the potential of
tri-lineage differentiation of MT-mMSCs was dramatically abol-
ished (Fig. 1B).

3.2. Malignant phenotype of MT-mMSCs

We observed that MT-mMSCs exhibited a 15-fold higher prolif-
eration rate compared to normal mMSCs, (Fig. 2A). The doubling
time of MT-mMSCs was much shorter than normal mMSCs (MT-
mMSCs vs mMSCs = 21.05 ± 1.02 vs 33.69 ± 3.11 h) (Fig. 2B). HDAC
inhibitors and proteasome inhibitors represent two types of novel
potent anti-tumor agents which are increasingly used for the treat-
ment of hematological and solid malignancies, including sarcoma
[30–36]. We observed that MT-mMSCs were more sensitive to
the HDAC inhibitor-Vorinostat and the proteasome inhibitor-Bort-
ezomib, showing a decreased IC50 compared to normal mMSCs
(Vorinostat: MT-mMSCs vs mMSCs = 1.24 lM vs 5.45 lM; Bortezo-
mib: MT-mMSCs vs mMSCs = 4.93 nM vs 13.58 nM) (Fig. 2C).
Besides the increased proliferation and reduced sensitivity to
anti-tumor drugs, the transformed cells lost contact inhibition
which was another growth feature of ‘‘malignant’’ cells. In 3D
matrigel culture, MT-mMSCs acquired anchorage independent
growth ability (Fig. 2D). The in vitro wound healing assay revealed
that MT-mMSCs have a more robust migratory ability than normal
mMSCs (Fig. 2E). All these observations indicate that these mMSCs
went through a ‘‘malignant’’ transformation process.
3.3. MT-mMSCs generate sarcoma in vivo

It is widely known that CD34 is the marker for hematopoietic
stem cells but CD34 is also a marker of Kaposi Sarcoma regardless
of its clinical subtype or tumor stage [37]. Since there were no re-
ports that MSCs could transdifferentiate into hematopoietic cells,
we therefore estimated that these mMSCs transformed into CD34
positive sarcoma cells. We transplanted MT-mMSCs s.c. in non-
immunocompromised mice to test if transformed mMSCs could
form tumor in vivo. After 2 months visible tumors were formed
in situ on the back where MT-mMSCs were injected (Fig. 3A). How-
ever, there was no tumor formation in the mice injected with non-
transformed mMSCs. The tumor was removed and by histological
analysis it could be classified as an ‘‘undifferentiated high-grade’’
sarcoma (Fig. 3B).
3.4. Notch(+)/Hh(�)/Wnt(�) in MT-mMSCs

Notch, Hh, and WNT singling pathways are known to play fun-
damental roles in cell fate decisions and differentiation. It is, there-
fore, not surprising that the downstream proteins of Notch, Hh, and
Wnt have been implicated in tumorigenesis, functioning as either
oncogenes or tumor suppressor proteins depending on the cellular
context. In our study, we examined whether and at which level
Notch, Hh, and Wnt pathways downstream genes are changed in
the transformed mMSCs. We demonstrated that MT-mMSCs, com-
pared to normal mMSCs, exhibited significantly elevated levels of
Notch downstream genes hey1, hey2 and heyL, but downregulated
Hh downstream Gli1 and Ptch1 as well as Wnt downstream beta-
catenin expression (Fig. 4). These data indicate that the Notch
pathway is over-activated, while the Hh and Wnt pathways are
both de-activated in transformed mMSCs. The over-activated
Notch pathway and de-activated Wnt pathway have already been
demonstrated in sarcoma, and treatment strategies based on tar-
geting both pathways have been proposed in previous studies
[38–42]. Although our data do not allow to conclude that dysregu-
lation of Notch and Wnt pathways triggers the malignant transfor-
mation of MSCs, they show at least that these pathways are
differentially expressed in transformed mMSCs. Targeting these
pathways for treatment of sarcoma is clinically relevant. However,
for the Hh pathway, our observation that MT-mMSCs have a de-
creased Gli and Ptch1 expression is not in accordance with previous
observations that inhibition of the Hh pathway decreases sarcoma
cell growth [43–45]. This indicates that the Hh pathway might play
a different and complex role in the sarcoma initiation and
expansion.
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Taken together, our data provide evidence that MSCs are pro-
genitor cells for sarcoma and that CD34 acquisition is associated
with the MSCs transformation process. Transformed mMSCs show
over-activation of Notch and de-activation of Hh and Wnt path-
ways. Targeting these pathways might have therapeutic potential
for sarcoma treatment.
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