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Mesenchymal stem cells (MSCs) have greater potential for immediate clinical and toxicological applica-
tions, due to their ability to self-renew, proliferate, and differentiate into a variety of cell types. To identify
novel candidate genes that were specifically expressed during transdifferentiation of human MSCs to neu-
ronal cells, we performed a differential expression analysis with random priming approach using anneal-
ing control primer-based differential display reverse transcription-polymerase chain reaction approach. We
identified genes for acyl-CoA thioesterase, tissue inhibitor of metalloproteinases-1, brain glycogen phos-
phorylase, ubiquitin C-terminal hydrolase and aldehyde reductase were up-regualted, whereas genes for
transgelin and heparan sulfate proteoglycan were down-regulated in MSC-derived neurons. These differ-
entially expressed genes may have potential role in regulation of neurogenesis. This study could be applied
to environmental toxicology in the field of testing the toxicity of a chemical or a physical agent.
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INTRODUCTION

Stem cells are self-renewing unspecialized cells without
mature tissue-specific characteristics. Under appropriate
conditions, stem cells are able to reproduce themselves and
differentiate into many cell types. Stem cells hold tremen-
dous potential in advancing the treatment of many diseases
and disorders that are currently untreatable (Korecka et al.,
2007; Silani and Corbo, 2004; Kocher et al., 2007; Lock
and Tzanakakis, 2007). Embryonic stem cells (ESCs) have
vast potential due to their primitive nature and their ability
to generate any type of cells (Lerou and Daley, 2005). This
pluripotent nature of ESCs makes them attractive for stem
cell therapy. However, the disadvantages of ESCs are that
they can form teratomas (Lerou and Daley, 2005), and that
the use of ESCs poses major ethical concerns.

Adult stem cells are self-renewing and pluripotent cells
with a plasticity to differentiate into cell types of the partic-
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ular tissue in which they reside and often to transdifferenti-
ate into different types of tissues (Filip et al., 2004). Adult
stem cells are present in many tissues and responsible for
renewal and repair of aged or damaged tissue. Adult stem
cells show reduced risk for tumorigenesis (Cheng et al.,
2004), and their relative ease in harvesting makes the cells
appealing, particularly those that reside in the bone marrow.

Mesenchymal stem cells (MSCs) are major adult bone
marrow stem cells with multilineage potential (Deans and
Moseley, 2000). Furthermore, MSCs are easily obtained
from adult bone marrow and can be expanded by simple in
vitro procedures (Bianco et al., 2001). Therefore, MSCs
have greater potential for immediate clinical and toxicologi-
cal applications, due to their ability to self-renew, prolifer-
ate, and differentiate into a variety of cell types. Bone
marrow represents the first source of adult MSCs but other
sources have recently been described such as adipose tis-
sue, muscle, brain, and dermis of mammalian skin (Toma et
al., 2001; Jiang et al., 2002; Miura et al., 2003; Aust ef al.,
2004).

Recent literatures have reported the generation of func-
tional neurons transdifferentiated from human MSCs (Cho
et al., 2005; Greco et al., 2007). However, little is known
about the difference in gene expression during transdiffer-
entiation of MSCs to neuronal cells. The identification of
differentially expressed genes induced by transdifferentia-
tion of MSCs to neuronal cells may assist in the identifica-
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tion of potential biomarker and may understand molecular
mechanisms during transdifferentiation of MSCs to neu-
ronal cells. Therefore, we performed the differential display
reverse transcription-polymerase chain reaction (DDRT-
PCR) techniques incorporating an annealing control primer
(ACP), which has specificity to the template and allows
only real products to be amplified (Hwang et al., 2003; Kim
et al., 2004), for identification of differentially expressed
genes on transdifferentiation of human MSCs to neuronal
cells.

MATERIALS AND METHODS

Culture of human MSCs. Human bone marrow MSCs
were purchased from Lonza (Gaithersburg, Maryland, USA).
MSCs from passage 5 or 6 were used for experiments and
grown in MSC growth medium, DMEM containing 10%
defined fetal calf serum (FCS), which is intended to sup-
port MSC maintenance but not differentiation.

Neuronal induction of MSCs. At approximately 70~80%
confluence, MSCs were trypsinized and then subcultured in
60-mm petri dishes. All cells were allowed to adhere to the
culture surface overnight in MSC growth medium. At 20%
confluence, MSC growth medium was replaced with neu-
ronal induction medium, which comprised of Ham’s DMEM/
F12, 2% FCS, B27 supplement, 20 uM all-trans retinoic
acid (RA) and 12.5 ng/m/ basic fibroblast growth factor
(bFGF), and cells were cultured as previously described
(Cho et al., 2005; Greco et al., 2007). The medium was
unchanged during the entire period of induction. In parallel
studies, MSCs were cultured in DMEM/F12 and 2% FCS,
hereafter referred to as uninduced MSCs. Experimental
endpoints for induced MSCs were 12 days of induction,
which correspond to fully differentiated neuronal phenotype.

RT-PCR. Total RNA (2 pg) was reverse transcribed, and
200 ng of cDNA was used to amplify Tacl and B-actin with
the AnyDirect Max qPCR Mix (BioQuest, Seoul, Korea).
The primers for Tacl span +60/+328 (GenBank accession
number NM_003182) with the following sequences: (for-
ward) 5'-act gtc cgt cgc aaa atc-3' and (reverse) 5'-ggg cca
ctt gtt ttt caa-3'. The primers for B-actin span +842/+1037
(NM_001101) with the following sequences: (forward) 5'-
tgce cct gag gea cte tte-3' and (reverse) 5'-gtg cca ggg cag tga
tet-3'. The cycling profile for for Tacl and B-actin (50
cycles) was: 94°C for 30 s, 60°C for 30 s, and 72°C for 30's
with a final extension at 72°C for 10 min. The amplified
PCR products were separated in 2% agarose gel and stained
with ethidium bromide.

ACP-based DDRT-PCR. Total RNAs extracted from unin-
duced MSCs and induced MSCs were used for the synthesis
of first-strand cDNAs. Reverse transcription was performed

for 1.5 hours at 42°C in a reaction mixture containing 3 pg
of the purified total RNA, reaction buffer, 2 mM dNTPs,
dT-ACP1 (5'-CGTGAATGCTGCGACTACGATIIIIT(18)-
3"), RNase Inhibitor (Promega), and MMLV reverse tran-
scriptase (Promega). Second-strand cDNA was synthesized
in a reaction mixture containing first-strand cDNA, 1 p/ of
10 uM dT-ACP2 (5'-CGTGAATGCTGCGACTACGATIII-
OT(15)-3"), 10 uM arbitrary ACP primers and 2 x Master
Mix (Seegene, Seoul, Korea). The PCR protocol for sec-
ond-strand synthesis was one cycle at 94°C for 1 minute,
followed by 50°C for 3 minutes, and 72°C for 1 minute.
After second-strand DNA synthesis was completed, the PCR
amplification protocol was 40 cycles of 94°C for 40 seconds,
followed by 65°C for 40 seconds, 72°C for 40 seconds and
5 minutes final extension at 72°C. The amplified PCR prod-
ucts were separated in 2% agarose gel and stained with
ethidium bromide. The differentially expressed bands were
evaluated based on the band intensities measured with a
ChemiDoc XRS (Bio-Rad). The differentially expressed bands
were extracted from the gel and directly cloned into a
TOPO TA cloning vector (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's instructions. The cloned
plasmids were sequenced and the DNA sequence of each
gene was confirmed by comparison with sequences in Gen-
Bank (NIH, MD, USA).

RESULTS

Morphology and neuron-specific TAC1 expression of
MSCs in neuronal induction medium. To determine
whether the induction protocol using neuronal induction
medium that included bFGF, RA, B27 could induce MSCs
to differentiate into neuronal cells, we first examined mor-
phological changes consistent with neurogenesis. Uninduced
MSCs were very flat, symmetrical, and spindle-shaped (Fig.
1A). MSCs induced with neuronal induction medium for 12
days showed a characteristic neuronal morphology with
long processes extending from the condensing cell bodies
of the induced cells as compared to the symmetric morphol-
ogies of the uninduced cells. Cytoplasmic connections between
induced cells were also observed (Fig. 1B). Since human
MSC-derived neuronal cells have been reported to express
the neurotransmitter gene TAC1 (Cho et al., 2005; Greco et
al., 2007), we next tested for the expression of the mRNA
of TAC1 gene. As shown in Fig. 2, after 12 days of induc-
tion, the induced MSCs expressed TAC1 mRNA while
uninduced MSCs did not express TACl mRNA as deter-
mined by RT-PCR and electrophoresis.

Detection of differentially expressed genes. In the aim
to determine if the induced MSCs can modify their gene
expression profile in response to the neuronal induction
medium and to identify novel candidate genes that were
specifically expressed, we performed a differential expres-
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Fig. 1. Morphology of uninduced MSCs (A) and induced MSCs (B). MSCs were induced upon treatment with neuronal induction
medium for 12 days. Magnification, A, B x 100. Induced MSCs exhibit long processes with refractive cell bodies. Cytoplasmic connec-

tions between induced cells were indicated by arrows.
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Fig. 2. The expression of neuron-specific TAC1 gene as assessed
by RT-PCR. The comparison of the expression patterns of the
TAC1 gene in uninduced MSCs (Lanes 1, 2) and induced MSCs
(Lanes 3, 4) was determined by semi-quantitative RT-PCR. f-
actin was used as a control to confirm the integrity of the
mRNA samples. M, 100-bp DNA ladder.

sion analysis with random priming approach using ACP-
based DDRT-PCR between uninduced MSCs and induced
MSCs. To do this, the total RNAs from both types of cells
were extracted and subjected to ACP-based DDRT-PCR

Table 1. Sequence similarities of differentially expressed genes

analysis, and the PCR products were loaded on 2% agarose
gels, and upregulated and downregulated genes were identi-
fied. When the differentially expressed genes were ana-
lyzed by the comparison of band intensities, increased band
intensities were detected in ACP1-1 (9%), ACP2-2 (32%),
ACP6-2 (7%), ACP9-1 (39%), ACP10-1 (58%), ACP10-2
(53%) and ACP10-3 (51%), and decreased band intensities
were detected in ACP2-1 (26%), ACP3-1 (39%), ACP6-1
(54%) and ACP9-2 (47%). Fig. 3 shows the results of the
screening, which revealed eleven differentially expressed
genes indicated by arrows including seven up-regulated and
four down-regulated genes in the samples of induced MSC
compared with uninduced MSC. These genes were puri-
fied, subcloned into TOPO vector and sequenced. BLAST
searches in GenBank revealed that the differentially expressed
genes displayed significant similarities with known genes.
A BLAST search for sequence similarity showed significant
similarities (99~100%) with sequences from Homo sapiens.

Clone name* Identity

GeneBank
accession no.

ACP1-1 (up) Homo sapiens acyl-CoA thioesterase 9 (ACOT?9), transcript variant 1, mRNA NM_001037171
ACP2-1 (down) Homo sapiens myeloid/lymphoid or mixed-lineage leukemia; translocated to, 6 (MLLT6), mMRNA NM_005937
ACP2-2 (up) Human interferon-inducible mRNA fragment X02492
ACP3-1 (down) Homo sapiens transgelin (TAGLN) gene EF445034
ACP6-1 (down) Homo sapiens chromosome 1 clone RP11-496N12 AC092811
ACP6-2 (up) Homo sapiens BAC clone RP11-413M20 from 2 ACO074117
ACP9-1 (up) Homo sapiens TIMP metallopeptidase inhibitor 1 (TIMP1), mRNA NM_ 003254
ACP9-2 (down)  Human heparan sulfate proteoglycan (HSPG2) mRNA M85289
ACP10-1 (up) Homo sapiens mRNA for brain glycogen phosphorylase variant protein AB209080
ACP10-2 (up) Human putative ubiquitin C-terminal hydrolase (UHX1) mRNA U44839
ACP10-3 (up) Homo sapiens aldehyde reductase (ALDR1) gene AF036683

*Up or down in parenthesis means up-regulated genes or down-regulated genes.
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Fig. 3. Detection of differentially expressed genes. Total RNA
was extracted from uninduced MSCs and induced MSCs and
subjected to ACP-based DDRT-PCR. Ten arbitrary ACP primers
(ACP1 to ACP10) were used to isolate the differentially expressed
genes. Differential expression patterns were observed when the
arbitrary ACP primer sets (indicated on the top) were used. The
differential expression patterns were evaluated based on the
band intensities. The arrows on the left-hand side indicate dif-
ferential expressed bands between uninduced MSCs (U) and
induced MSCs (I). Bands were excised from the gel for sequenc-
ing. M, 100-bp DNA ladder.

The sequence similarities of differentially expressed genes
are summarized in Table 1.

DISCUSSION

MSCs represent attractive candidates for a wide range of
regenerative medicine applications due to their relative ease
in harvesting, isolation and expansion and the important
potential of differentiation. However, molecular mechanisms
implied in the differentiation process remain largely unknown.
The difference in gene expression on transdifferentiation of
human MSCs to neuronal cells must be good targets to
identify the genetic factors associated with the differentia-
tion process.

Gene expression profiling can be achieved by several
approaches, each with inherent advantages and disadvantages.
In this study, we used ACP-based DDRT-PCR approach,
which was recently developed to allow direct visualization
of the differentially expressed transcripts on agarose gel.
This technology improves the specificity and sensitivity of
PCR amplification so that it enables us to find only authen-
tic PCR products. Using the random priming ACP-based
DDRT-PCR approach for differential expression profiling,
we have successfully identified seven upregulated and four
downregulated genes in induced MSCs. We identified genes
for acyl-CoA thioesterase, tissue inhibitor of metallopro-
teinases-1, brain glycogen phosphorylase, ubiquitin C-ter-
minal hydrolase and aldehyde reductase were up-regualted,
whereas genes for transgelin and heparan sulfate proteogly-
can were down-regulated in induced MSCs. Some of these
differentially expressed genes were found to be neuron
related.

Acyl-CoA thioesterase catalyzes the hydrolysis of CoA
esters to free CoA and carboxylic acids and have important
functions in lipid metabolism and other cellular processes.

Acyl-CoA thioesterase expression was found to be induced
during embryogenesis in association with neuronal differen-
tiation, and persists after terminal differentiation into neu-
rons in postnatal stages, resulting in the constitutive high
expression of Acyl-CoA thioesterase in the adult brain in a
neuron-specific manner (Yamada ef al., 2004). Tissue inhib-
itor of metalloproteinases-1 (TIMP-1) displays inhibitory
activity on matrix metalloproteinases that degrade the extra-
cellular matrix and shed cell surface molecules. In the cen-
tral nervous system, TIMP-1 was first characterized as a
candidate plasticity gene induced by seizures and by stim-
uli leading to long term potentiation (Nedivi et al., 1993), a
form of synaptic plasticity considered as a cellular sub-
strate of learning and memory. Recently, TIMP-1 was found
to be a modulator of neuronal outgrowth and morphology in
a paracrine and autrocrine manner through the inhibition of
matrix metalloproteinases (Ould-yahoui et al., 2009). Ubig-
uitin C-terminal hydrolase is also known as neuronal-spe-
cific protein gene product 9.5 and was previously used as a
histologic marker for neurons because of its high abundance
and specific expression in neurons. Ubiquitin C-terminal
hydrolase is present in almost all neurons and averages 1~
5% of total soluble brain protein (Jackson and Thompson,
1981). These differentially expressed genes may have poten-
tial role in regulation of neurogenesis. However, the direct
relevance of these differentially expressed genes in MSC
differentiation has not been elucidated. Further studies are
needed to validate these findings.

Another potential of the study of MSC differentiation is
in the field of testing the toxicity of a chemical or a physi-
cal agent. The primary benefits of MSCs when applied to
environmental toxicology, result not only from their unique
properties of proliferative ability, but also plasticity to gen-
erate other cell types (Davila ef al., 2004). The rapid accu-
mulation of genomic sequence data have catalyzed the
application of gene expression analysis in understanding the
mode of action of chemical and other environmental toxic
agent in biological systems. Treating MSC with chemical or
physical agents and measuring their gene expression levels
can, not only provide information about the mechanism of
action of toxicants, but also a gene expression patterns. The
development of such gene expression patterns would allow
the screening of unknown or suspected toxicants on the
basis of their similarity to known toxicants.
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