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Human Mesenchymal Stem Cells Express Neural Genes,
Suggesting a Neural Predisposition
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ABSTRACT
Because of their unique attributes of plasticity and accessibility, bone marrow-derived mesenchymal stem cells (MSCs) may find use for therapy of neurodegenerative disorders. Our previous studies of adult human MSCs demonstrated that these cells express an extensive assortment of neural
genes at a low but clearly detectable level. Here, we report expression of 12 neural genes, 8 genes
related to the neuro-dopaminergic system, and 11 transcription factors with neural significance by
human MSCs. Our results suggest that, as opposed to cells that do not express neural genes, human
MSCs are predisposed to differentiate to neuronal and glial lineages, given the proper conditions.
Our findings add a new dimension in which to view adult stem cell plasticity, and may explain the
relative ease with which MSCs, transplanted into the central nervous system (CNS) differentiate to
a variety of functional neural cell types. Our results further promote the possibility that adult human MSCs are promising candidates for cell-based therapy of neurodegenerative diseases.

INTRODUCTION

T

contains two major populations of
stem cells: hematopoietic stem cells (HCSs) and mesenchymal stem cells (MSCs) (1,2). Characteristics of each
population sometimes overlap, but they can be separated
by utilizing their unique qualities, such as mesenchymal
plastic-adherence or sorting with a specific antigen. Plastic-adherent bone marrow MSCs represent a unique population of stem and multipotent progenitor cells capable
of differentiation into several types of cells, including osteoblasts, adipocytes, chondrocytes, and myoblasts (3,4),
and hence represent stem cells for nonhematopoietic tissues (5). MSCs have since been shown to be capable of
HE BONE MARROW

differentiation to cells of mesodermal, endodermal, and
ectodermal origins (6,7).
Studies on animals and humans have documented the
differentiation capacity of MSCs to generate a wide range
of derivatives such as hepatocytes (8–10), myocytes
(11,12), and cardiomyocytes (13–16). Their therapeutic
utility has been highly touted but awaits further biochemical study of the mechanisms of differentiation and
development.
Recent findings indicate that mouse, rat, and human
bone marrow MSCs can also be induced to differentiate
to neuron-like cells (6,17–26). Transplantation studies in
rats showed clinical improvement after undifferentiated
MSCs were transplanted to brain (27–32) or spinal cord
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injury sites (33). Moreover, there is evidence for MSC
differentiation into functional glial cells, mainly to astrocyte and oligodendrocyte phenotypes (17,34–36).
The apparent neural potential of MSCs renders the possibility of using these cells for autologous transplantation
therapy in neurodegenerative disorders, such as Parkinson’s disease and multiple sclerosis, very attractive. We
investigated the “basal” neural potential of undifferentiated, naïve human MSCs (hMSCs) by examining the possible expression of a broad selection of neural genes by
these cells. Our investigation revealed a broad repertoire
of neural genes expressed by MSCs. In evaluating the
data, we found similar scattered reports of neural antigen
expression on MSCs in recent years (Table 1), a curious
finding indeed. This could imply that the complex gene
expression pattern of MSCs represents what has been referred to as a “multidifferentiated” phenotype (6), i.e.,
that the cells already possess neural features. An alternative, if not similar emerging theory is that, as an integral part of their “stem state,” stem cells express a wide
range of genes at a low, nonfunctional, basal level. Thus,
differentiation to a specific derivative would include emphasizing specific genes, while reducing or silencing nonspecific gene expression patterns (37,38).

MATERIALS AND METHODS
Animals
Mouse MSC cultures were obtained from adult
C3H.sw or transgenic mice bearing the enhanced green
fluorescent protein (EGFP) under the promoter of the
mouse oligodendrocyte 2,3-cyclic nucleotide 3-phosphodiesterase (CNPase) gene. The CNP-EGFP transgenic mice were generated and kindly provided by Vittorio Gallo (Washington D.C.).

sue-culture flasks. Nonadherent cells were removed after 48 h. Medium was replaced every 3–4 days.

Cell culture conditions
MSCs were cultured in growth medium containing
Dulbecco’s modified Eagle’s medium (DMEM; Biological Industries) supplemented with 15% fetal calf serum
(FCS; Biological industries), 5% horse serum (Biological industries), 1 nonessential amino acid (Biological
industries), 0.001% -mercaptoethanol (Sigma), 2 mM
glutamine, 100 g/ml streptomycin, 100 U/ml penicillin,
12.5 U/ml nystatin (SPN; Biological industries), and 10
ng/ml human epidermal growth factor (EGF; R&D Systems, Minneapolis, MN, http://www.rndsystems.com).
The cell cultures were maintained at 37°C in a humidified 5% CO2 incubator. When cells reached 70–90% confluency, cultures were harvested with trypsin-EDTA solution (0.25% trypsin and EDTA 1:2,000 in Puck’s saline;
Biological Industries).

Characterization of human bone marrow MSCs
Mononuclear cells were obtained as described above.
hMSCs were harvested from the tissue culture flasks after
14–33 days in vitro and centrifuged at 1,000 rpm for 10
min at room temperature. The pellet was resuspended in
phosphate-buffered saline (PBS) and distributed into duplicate samples that were suspended in 50 l of PBS. The
cells were incubated with appropriate antibodies (see Supplement 1 for antibody specifics) for 45 min on ice, washed
twice in flow-buffer, consisting of 5% fetal calf serum
(FCS) and 0.1% sodium azide in PBS, and centrifuged for
10 min. The cells were resuspended in 0.5 ml of PBS and
studied by a FACSCalibur™ flow cytometer using an argon laser at 488 nm. An isotype control was included in
each experiment, and specific staining was measured from
the cross point of the isotype with specific antibody graph.

Isolation of mouse MSCs
Bone marrow aspirates from tibiae and femur of CO2euthanized mice washed with Hanks’ balanced salt solution (HBSS) and resuspended in 1 ml of growth medium.
The cells were plated in polystyrene plastic tissue-culture
75-cm2 flasks (Corning, Corning, NY, http://www.
corning.com).

Isolation of human MSCs
Bone marrow aspirates (10 ml) were obtained from iliac crests of human donors ranging in age from 19 to 76
years. The aspirates were diluted with 10 ml of HBSS.
The mononuclear cell layer was isolated by Ficoll-Hypaque, washed in HBSS, resuspended in growth medium
(see below), and plated in polystyrene plastic 75-cm2 tis-

Differentiation of hMSCs to adipocytes
and osteoblasts
Adipogenic and osteogenic differentiation was induced, and cells were stained following detailed protocols by Smith et al. (39). Adipogenic differentiation was
identified by Oil Red O staining of lipid vacuoles, seen
as bright red inclusions within the cells. Osteoblastic differentiation was identified by Alizarin Red staining of
mineral deposits (39).

Neuronal differentiation of human MSCs
hMSCs were cultured for at least 14 days, as described
above. To induce differentiation to neuron-like cells, we
used our previously described protocol with some mod-
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TABLE 1.
Source
of cells

Method of
isolation

SUMMARY OF PREVIOUS STUDIES SHOWING EXPRESSION OF NEURAL
MARKERS IN VITRO BY BONE MARROW-DERIVED MSCSa
Neuronal lineage
proteins detected

Characterization profile
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Bone marrow mesenchymal cells (MSCs)
Human Plastic adhesion
CD9/low/CD90/CD166/
CD15/CD34/CD45/
CD133

Human
Human

Plastic adhesion
Plastic adhesion

Human

Plastic adhesion

Human
Human

Plastic adhesion
Plastic adhesion

Human

Plastic adhesion

Human

Plastic adhesion

Rat

Plastic adhesion

Rat
Rat

Plastic adhesion
Plastic adhesion

Rat

Plastic adhesion

Rat

Plastic adhesion

Rat
Rat

Plastic adhesion
Plastic adhesion

CD44/CD34/CD45
CD90/CD5/CD11b
CD20/CD34/CD45
CD90/CD34
CD45

CD44/CD90/TRA2-54/
CD45

Nestinb

Plastic adhesion

Mouse
Mouse

Plastic adhesion
Plastic adhesion

GFAP,d MBP,d
MSI1d, nestin,d
NTRK1,d
Neurog2,d SOX1,d
TH,d Tuj1d

Tuj1b,
pan-NFb
Nestin,b Tuj1b
BDNF,f NGF,f
VEGFf
MAP1B,c NSE,c
Tuj1c
NueN,b GFAP,c
NueN,c nestinc
NSE,b nestinb

84
85
86
24
26
87

NF-M,d Tuj1d

64
88

NSEe

89

Hes1,e Hes5,e
Mash1,e Neurog1,e
STAT1,e STAT3e

90

GFAP,b NeuNb
CD11b/CD45/CD44/

CD71/CD90/CD44/
CD11b/CD45

aldolase C,e APP,e
GFAP,e GLUT,e
NeuroD,e syntaxine
NSE,b NSEc

Multipotent adult progenitor cells (MAPCs)g
Mouse Depleted of CD45/ CD13/CD90/low/Sca-1/low/
glycophorin-A
Flk1/CD3/CD19/
cells
CD34/CD44/CD45/
cKit

21
6

22, 23

NeuNc
DCX,b GABA,b
GFAP,b NCAM,b
nestin,b NeuN,b
Tuj1b

Sca-1

36

18
83

AADC,e EN1,e
Nurr-1,e Pitx-3e

CD71/CD90
Rat

References

NSEb

5-HT1A-receptorb
nestin,b NF-M,b
taub
Nestin,b NeuN,b
NSEb
GLAST,b NF-M,b
nestin,b 3-PGDHb

CD29/CD54/CD90/
CD11b/c/CD31/
CD34/CD45

Neuronal lineage
mRNA detected

41
19

cRet,d EN1,d
nestind

60

(continued)

143

BLONDHEIM ET AL.
TABLE 1. SUMMARY OF PREVIOUS STUDIES SHOWING EXPRESSION OF NEURAL
MARKERS IN VITRO BY BONE MARROW-DERIVED MSCSa (CONTINUED)
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Source
of cells

Method of
isolation

Neuronal lineage
proteins detected

Characterization profile

Marrow-isolated adult multilineage inducible (MIAMI) cells
Human Plastic adhesion
CD29/CD63/CD81/CD122/
at 3% O2
CD164/CD34/CD36/
CD45/cKit
Size-sieved bone marrow stromal cells (SSCs)
Human 3-m pores to
CD29, CD44, CD51,
sieve out
CD90, SH2, SH3,
MSCs
CD7, CD34, CD45,
CD133

NSE,b NTRK3,b
CNTFRf

Neuronal lineage
mRNA detected

POU5F1e

Nestin,c NeuN,c
NSE,c Tuj1c

References

91

92

Abbreviations: 5-HT1A-receptor, 5-hydroxytryptamine (serotinin) receptor 1A; AADC, aromatic L-amino acid decarboxylase, APP,
amyloid precursor protein; Tuj1, -Tubulin III; BDNF, brain-derived neurotrophic factor; CNTFR, ciliary neurotrophic factor receptor; DCX, doublecortin; En1, engrailed 1; ELISAs, enzyme-linked immunosorbent assays; GABA, -aminobutyric acid; GFAP, glial
acidic fibrillary protein; GLAST, glutamate transporter, GLUT, NMDA glutamate binding subunit; Hes1, Hes5, hairy/enhancer of
split 1 or 5; Mash1, mammalian achaete-schute Homolog 1; MAP1B, microtubule-associated protein 1B; MSI1, musashi 1; MBP,
myelin basic protein; NCAM, neural cell adhesion molecule; NeuN, neuronal nuclei; NeuroD, neurogenic differentiation; Neurog1,
Neurog2, neurogenin 1 or 2; NF-M, neurofilament medium; pan-NF, neurofilament low middle and high; NGF, nerve growth factor;
NSE, neuron specific enolase; NTRK1, NTRK3, neurotrophic tyrosine kinase, receptor, type 1 or 3; Nurr1, nuclear receptor related1; 3-PGDH, 3-phosphoglycerate dehydrogenase; POU5F1, Pit1-Oct1-Unc86 domain, class 5, transcription factor 1; Pitx3, pituitary
homeobox 3; STAT1, STAT3, signal transducer and activator of transcription 1 or 3; SOX1, sex determining region Y-box 1; TH,
tyrosine hydrolase; VEGF, vascular endothelial growth factor.
aSummary from articles that described neural differentiation of mesenchymal stem cells. In all cases the neuronal markers were
shown to be expressed at a very low level. However, after induction of neuronal differentiation, a significant increase in marker
level was observed.
bImmunocytochemistry; cWestern blot; dquantitative RT-PCR; eRT-PCR; fflow cytometry analysis.
gAll articles that worked with MAPCs from bone marrow state that they did not stain with antibodies against differentitated
neuron markers. Only in one article, by quantitative RT-PCR, mouse MAPCs did express low level of cRet En-1 and nestin
mRNA but no other neural mRNA. This seems to be a rare occurrence in these cells.

ifications (20,40–45). Growth medium was replaced with
differentiation medium I consisting of DMEM supplemented with 10% FCS, 2 mM glutamine, SPN (100
mg/ml streptomycin, 100U/ml penicillin, 12.5 units/ml
nystatin), 10 ng/ml basic fibroblast growth factor (bFGF;
R&D Systems), 10 ng/ml EGF (R&D Systems), and N2
supplement (5 g/ml insulin, 20 nM progesterone, 100
M putrescine, 30 nM selenium, 100 g/ml transferring)
(46), for 24–48 h. Differentiation medium I was then removed and the cells were washed with PBS and transferred to differentiation medium II, composed of DMEM
supplement with 2 mM glutamine, SPN, N2 supplement,
200 M butylated hydroxyanisole (BHA; Sigma), 1 mM
dibutyryl cyclic AMP (dbcAMP; Sigma), 0.5 mM 3isobutyl-1-methyl-xanthine (IBMX; Sigma), and 1 M
all-trans-retinoic acid (ATRA; Sigma) for up to 96 h.

no. AY2002), and the TranSignal protein/DAN array
(catalogue no. MA1011, Panomics, Inc. Redwood City,
CA, http://www.panomics.com) was preformed according to manufacturer’s instructions. Hybridization signals
were based on horseradish peroxidase (HRP) chemiluminescence and exposed to X-ray film. Densitometry was
measured by the Versa Doc imaging system (Bio-Rad
Laboratories, Rishon Le Zion, Israel, http://www.bio-rad.
com). The intensity of the signal is an average of duplicate spots on the array membrane. All transcription factors that exhibited intensities of less than 0.5 ODu*mm2
in both types of cells were eliminated. For each remaining transcription factor, the ratio of undifferentiated/neuronally differentiated level was calculated. We determined (in accordance with Panomics instructions) that a
ratio between 0 and 0.5 or 2.0 represented a significant
difference in transcription factor levels.

Protien/DNA array analysis
To detect DNA-binding-activated transcription factors,
nuclear proteins were isolated from undifferentiated
hMSCs and from hMSCs incubated in neuronal differentiation medium for 24 or 48 h. The nuclear proteins
were extracted using a nuclear extraction kit (catalogue

Identification of neural and
neuro-dopaminergic transcripts
Isolation and preparation of RNA: Total RNA was extracted from undifferentiated hMSCs, and from hMSCs
incubated in neuronal differentiation medium for various
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lengths of time, and human lymphocytes (as a negative
control) by using the guanidine isothiocyanate method
(47). Reverse transcription was carried out on 0.05 g/l
mRNA samples using the 5 U/l enzyme SuperScript™
II RNase H Reverse Transcriptase in a mixture containing 2 M random primers (mostly hexamers), 10 mM
dithiotheitol (DTT), 1 buffer supplied by the manufacturer (Invitrogen Life Technologies, Carlsbad, CA,
http://www.invitrogen.com), 20 ìM dNTPs (TaKaRa Bio
Europe, Gennevilliers, France, http://www.takarabioeurope.com), and 1 U/l RNase inhibitor (RNAguard,
Amersham Biosciences, Buckinghamshire, England,
www.amershambiosciences.com). The reverse transcription reaction was performed at 25°C for 10 min, 42°C
for 120 min, 70°C for 15 min, and 95°C for 5 min.
Polymerase chain reaction: PCR amplifications were
performed in a 20-l final volume containing 2 l of
reverse-transcribed RNA (cDNA), 0.5 M of sense and
antisense primers, 1 buffer supplied by the manufacturer, 225 M dNTPs, and 1 unit of Taq DNA polymerase (TaKaRa). Primers were chosen from different
exons to ensure that the PCR products represent the specific mRNA species and not genomic DNA. PCR conditions were optimized by varying the cycle numbers to
determine a linear amplification range. cDNA underwent up to 35 cycles of amplification (1 min at 94°C,
1 min at 54–65°C, and 1 min at 72°C) in PCR set PTC100™ (MJ Research, Waltham, MA, http://www.
mjr.com). The PCR reaction was resolved on a 1%
agarose gel. The bands were observed under UV light
and photographed (VersaDoc™ model 1000 Imaging
System, Bio-Rad). For primer information, see Supplement 1.
Northern blot analysis: Procedures were followed
according to Molecular Cloning: A Laboratory Manual (Sambrook, 1989). All reagents/materials were obtained from Sigma. Briefly, 10 g of total RNAs from
both untreated and differentiated hMSCs were fractionated on 1% agarose containing 3% formaldehyde.
RNA was then transferred to Duralon-UV™ membranes (Stratagene, Cedar Creek, TX) by upward capillary transfer and cross-linked by 1,200 mJ/cm2 UV
radiation (Hoefer Scientific Instruments, San Francisco, CA). Probes for human neurite outgrowth-promoting protein-2 (NEGF-2) neurofilament heavy (NFH), neuron specific enolase (NSE), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were prepared
by specific primers (for primer sequences see Supplement 1) in the PCR apparatus. Probes were labeled with
[32P]dCTP (NEN Life Science Products, Boston, MA),
and the membranes were exposed to a storage phosphor screen for various intervals. The hybridization
signals were measured with a phosphor-imager (Cyclone, Packard, UK) and analyzed with OptiQuant™
software. After autoradiography, membranes were

stripped and rehybridized with a [32P]dCTP-labeled
probe for GAPDH, a housekeeping gene.

Detection of neural and neuro-dopaminergic
proteins
Western blot analysis: Protein extracts and western
blot analysis of hMSCs and differentiated hMSCs were
prepared as described previously by Levy et al. (20). The
membranes were stained by appropriate antibodies (see
Supplement 1), developed by the enhanced Super Signal® chemiluminescent detection kit (Pierce, Rockford,
IL, http://www.piercenet.com) and exposed to medical
X-ray film (Fuji Photo Film, Tokyo, Japan). Densitometry of the specific protein bands was preformed by the
VersaDoc® imaging system and Quantity One® software
(Bio-Rad).
Fluorescein-activated cell sorting analysis: See the
above section “Characterization of human bone marrow
MSCs” for details of fluorescein-activated cell sorting
(FACS) protocol. Briefly, intracellular staining of human
MSCs for nestin was preformed by fixation in 4% paraformaldehyde (Sigma) and permeated with 0.1% saponin
(Sigma). The cells were then incubated with anti-nestin
antibodies (see Supplement 1 for antibody specifics) followed by appropriate secondary antibodies, and analysis
by FACS. FACS analysis for the expression of the reporter gene (EGFP) under the CNPase promoter was preformed on mMSCs from C3H.sw and CNP-EGFP transgenic mice by harvesting the cells and suspending them
in flow buffer.
Immunocytochemistry: Cells were fixed with 4% paraformaldehyde and blocked by 10% goat serum (Biological Industries). The mouse MSCs were stained with primary anti-CNPase antibody (10 g/ml, Chemicon) and
the appropriate Cy3-conjugated secondary antibody
(1:500, Chemicon). DNA-specific fluorescent dye 4,6-diamidino-2-phenylindole (DAPI; Sigma) counterstain was
used to detect cell nuclei. Cells were photographed by
fluorescence Olympus IX70-S8F2 microscope with fluorescent light source (excitation wavelength, 330–385
nm; barrier filter, 420 nm) and a U-MNU filter cube
(Olympus).

RESULTS
Bone marrow-derived cells exhibit
mesenchymal characteristics
The expression of hematopoietic and mesenchymal
surface markers was examined by FACS analysis.
Mononuclear cells were isolated by centrifugation
through a density gradient and a portion was taken for
flow cytometry analysis (defined as day 0). The remain-
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FIG. 1. Characterization of hMSCs by analysis of surface molcules. (A) After 2 weeks in vitro, bone marrow-derived plastic adherent cells were analyzed by flow cytometry. A
significant staining was found for mesenchymal markers CD29, CD44, and CD105, whereas little or no staining was found for hematopoietic markers CD45, CD19, and CD34.
Staining for nonspecific immunoglobulin G (IgG) isotype fluorescence used as a control is represented by narrow lines. Quantitative measurements were made from the cross point
of the IgG isotype graph with the specific antibody graph. (B) Double staining with CD29 and CD45 or CD29 and CD105 was performed on day 0, mononuclear cells isolated
from bone marrow (left) and on day 23 (right). (C) Comparison of FACS analysis of bone marrow-derived mononuclear cells (open columns), with the plastic adherent cell population cultured in vitro over 2 weeks (gray columns). Quantification is an average SE of measurements.
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ing cells were cultured and analyzed at times ranging
from 14 to 36 days in vitro (Fig. 1). The percentage of
cells expressing mesenchymal markers significantly increased from day 0 to day 14 and onward: CD29 (52.8 
7.0% to 99.2  0.3%), CD105 (3.5  2.3% to 98.7 
0.3%). CD44, which had a striking expression on day 0
(93.8%), remained high (88.6  1.5%). In addition, approximately 77% of the cells expressed CD90 after day
14 (unpublished results). A concomitant reduction over
the time in culture was found in the percentage of cells
expressing hematopoietic markers: CD45 (from 47.5 
6.2% to 1.0  0.4%), CD19 (from 8.8  2.7% to 1.4 
1.4%). A very low level of CD34 was expressed (1.9 
1.0%) from day 14 and onward. No significant levels of
CD20, CD5, CD11B, or FMC7 were found (unpublished
results). The levels of the examined markers remained
stable at all times after day 14 in vitro.
Analysis of double-staining for surface markers revealed that on day 0 only 8.7  0.4% of the cells were
CD29/CD45, and only 3.5  2.3% were CD29/
CD105. However, after 14 days in vitro, 88.8  8.5%
of the cells were CD29/CD45. Furthermore, 96.3 
1.0% of the population was positive for both mesenchymal markers CD29 and CD105, confirming that the majority of the cells express more than one mesenchymal
marker, and do not express hematopoietic markers. Thus,
after 14 days in vitro, the majority of the plastic-adherent population consisted of cells presenting a stable profile of surface markers CD105/CD29/CD44/CD90/
CD34/CD45/CD19/CD5/CD20/CD11B/FMC7
that is typical of MSCs.
The cultured cells displayed further traits of MSCs, including a typical spindle-like cell morphology. Moreover,
the cells formed single-cell-derived colonies and readily
differentiated into adipocytes (Color Plate 1) and osteoblasts (data not shown) when exposed to appropriate
differentiation conditions. Thus, we conclude that the
morphology, clonality, differentiation potential, and
membrane markers indicate a mesenchymal stem cell
identity of the cell population.

hMSCs express neural genes, proteins, and
transcription factors
Naive hMSCs (cultured in vitro for 14 days, as described above) were examined for the expression of
neural genes. Using methods for detection of proteins,
and mRNA expression, we examined the expression of
neural genes as well as transcription factors and genes of
the neuro-dopaminergic system. We found most of the
examined genes to be expressed by the hMSCs, including 12 of 16 examined neural genes, 3 of 3 neurodopaminergic transcription factors, and 5 of 8 neurodopaminergic genes (Table 2).
Transcription factors: An analysis of functional tran-

scription factors that may be involved in neural activity
and/or maturation was preformed. The TranSignal
DNA/protein Array is a method that allows the simultaneous functional analysis of 96 human transcription factors, on the basis of their DNA binding abilities. We performed array hybridizations with nuclear proteins
extracted from cultured hMSCs and with nuclear proteins
extracted from hMSCs incubated for 24 or 48 h in our
neuronal differentiation medium (see Materials and
Methods). A total of 39 transcription factors were found
to be active in hMSCs (Table 3). On the basis of previous reports, 11 of these transcription factors were identified as having a potential involvement in neuronal function (Fig. 2A). Following 24 h of neuronal differentiation,
the cells showed an increase in neural zinc fingure 3
(NZF-3) levels, and a decrease in levels of Glycosaminoglycan (GAG), Ecotropic viral integration site-1 (EVI1), human Forkhead box O1A (huFKHR), Hepatocyte nuclear factor-3 (HNF-3B), and Xenobiotic response
element (XRE). The other transcription factors remained
similar to control hMSCs levels. However, following 48
h of neuronal differentiation, a significant elevation was
observed in the levels of neural transcription factors
GAG, EVI-1, and huFKHR, accompanied by a decrease
in the levels of NZF-3, Nuclear Y box factor, Paired box
gene-3 (Pax-3), Paired box gene-6, Muscle-specific enhancer factor-2, and Aryl hydrocarbon receptor/Aryl hydrocarbon receptor nuclear translocator binding element. No significant change was found in the levels of
HNF-3 or XRE, following 48 h of neuronal differentiation. Thus, a significant fraction of the examined transcription factors that are expressed by hMSCs are factors
with a potential neural involvement, most of which are
affected by neuronal differentiation, suggesting a role in
the differentiation process.
Neural markers: Reverse transcriptase (RT)-PCR of
hMSCs and neuronally differentiated hMSCs demonstrated, in both differentiated and nondifferentiated hMSCs, transcripts of GPC4, nestin, NSE, NF-M, RA-R,
and Trk-2 (Table 2). However, we could not detect transcripts of the following neural genes: necdin, NF-L,
c-Ret, and TPH. RNA levels of human NEGF2, NF-H,
and NSE that were assessed by northern blot analysis
demonstrated an increase in the expression of the NEGF2
gene during neuronal differentiation. Moreover, NF-H
and NSE transcripts also increased dramatically during
neuronal differentiation (Fig. 3).
Neural proteins: Neural proteins in hMSCs were detected by western blot analysis. Expression of neuronal
nuclei (NeuN), neuron-specific enolase (NSE), nestin,
and the CNPase protein (Color Plate 2D) were found to
be expressed by hMSCs. An additional examination of
nestin and CNPase expression was preformed by FACS
analysis, which showed that a vast majority of the hMSCs population express the nestin (84.5%) and CNPase
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TABLE 2.

NEURAL GENES EXPRESSED

BY

NAÏVE HUMAN BONE MARROW-DERIVED MSCS IN VITRO

Gene name

Expression
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Neural genes
2,3-Cyclic nucleotide 3-phosphodiesterase (CNPase)
c-Ret
Glypican-4 (GPC4)
Necdin
Nestin
Neurite growth-promoting factor 2 (NEGF-2)
Neurofilament-Heavy (NF-H 200 kDa)
Neurofilament-Light (NF-L 70 kDa)
Neurofilament-Medium (NF-M 160 kDa)
Neuron-specific enolase (NSE)

Neuronal Nuclei (NeuN)
Neurotrophic tyrosine kinase receptor type-2 (TRK-2)
Patched homolog (PTCH)
Retinoic acid receptor type- (RARA)
Smoothened (SMO)
Tryptophan hydroxylase (TPH)
Neurally significant transcription factors
Aryl hydrocarbon receptor/Aryl hydrocarbon receptor nuclear
translocator binding element (AhR/Arnt)
Ecotropic viral integration site-1 (EVI-1)
Forkhead box O1A human (FKHRhu)
Glycosaminoglycan (GAG)
Hepatocyte nuclear factor-3 (HNF-3)
Myelin gene expression factor-2 (MEF-2)
Nuclear Y box factor (NF-Y)
Neural zinc fingure 3 (NZF-3
Paired box gene 3 (Pax-3
Paired box gene 6 (Pax-6)
Xenobiotic response element (XRE)
Dopaminergic transcription factors
Engrailed-1 (En-1)
Nuclear receptor related-1 (Nurr-1)
Paired-like homeodomain transcription factor-3 (PITX-3)
Dopaminergic genes
Aldehyde dehydrogenase 1 (Aldh1)
Aromatic L-amino acid decarboxylase (AADC)
Catechol-o-methyltransferase (COMT)
Dopamine transporter (DAT)
Dopamine receptor D2 (DRD2)
GTP cyclohydrolase-1 (GTPCH1)
Monoamine oxidase B (MAO-B)
Tyrosine hydroxylase (TH)
Vesicular monoamine transporter 2 (VMAT 2)
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COLOR PLATE 1. Adipogenic differentiation of hMSCs. Undifferentiated hMSCs (A) and hMSCs following adipogenic differentiation (B) were stained by Oil Red O to detect lipid vacuole production by the cells (bright red inclusions within the cells).
In addition, cell morphology was markedly changed during the differentiation process to resemble adipocytes (B).
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COLOR PLATE 2. Neural proteins expressed by human and mouse MSCs. (A) Flow cytometry analysis was preformed to
detect nestin staining of undifferentiated hMSCs. Positive staining for nestin was detected in 84.5% of the cells (bold line). Nonspecific IgG isotype fluorescence used as control (narrow line) and staining was measured from the cross point of the IgG isotype graph with the specific antibody graph. (B) Expression of the EGFP reporter gene, under the promoter of the CNPase gene,
was detected by FACS analysis in MSC cultures from transgenic CNP-EGFP mice (66.5%, bold line) as compared to cultures
from control nontransgenic C3H.sw mice (thin line), which were negative. (C) Immunostaining of mouse MSCs revealed that
most of the cells (nucleic staining, blue) express the CNPase protein (red). (D) Human MSCs express nestin, NSE, Neu-N, TH,
and CNPase proteins, as determined by Western blot analysis.
Abbreviations: CNPase, 2,3-cyclic nucleotide 3-phosphodiesterase; FACS, flow cytometry; NeuN, neuronal nuclei; NSE,
neuron specific enolase; TH, tyrosine hydroxylase.
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TABLE 3. EXPRESSION OF 39 TRANSCRIPTION FACTORS BY NAÏVE hMSCS AND BY
hMSCS EXPOSED TO NEURONAL DIFFERENTIATION MEDIUM FOR 24 OR 48 ha
Expression by
hMSCs

24 h neuronal
differentiation

48 h neuronal
differentiation

FOXO4 member of the forkhead family
(AFXH)
Aryl hydrocarbon receptor/aryl hydrocarbon
receptor nuclear translocator binding
element (AhR/Arnt)
Cardiac enhancer factor-1 (CEF-1)

1.35
1.09

3.19-fold
increase
—

2.90-fold
decrease
decrease to 0

1.53

—

Cardiac enhancer factor-2 (CEF2)

0.64

Cholesteryl ester transfer protein
(CETP/CRE)
Ecotropic viral integration site-1
(EVI-1)
Human forkhead box O1 (FKHR)

1.86

2.55-fold
increase
—

4.14-fold
increase
5.53-fold
increase
—

1.07

Decrease to 0

3.52

Mouse forkhead box O1 (FKHR)
Forkhead Related Activator-2
(Freac-2)

2.02
3.42

3.29-fold
decrease
—
—

GAG (Amyloid precursor protein regulatory
element
Gamma-interferon activation site (GAS)

2.45

Decrease to 0

0.69

Decrease to 0

GATA binding globin transcription factor-1
(GATA-1)
GATA binding globin transcription factor-2
(GATA-2)
GATA binding globin transcription factor-4
(GATA-4)
Growth factor independent-1 (Gfi-1)

1.93

—

1.56

—

5.31-fold
increase
8.07-fold
increase
2.10-fold
increase
—

2.08

—

—

92

3.53

Decrease to 0

105

HIF-1 binding site (HBS) and its downstream
HIF-1 ancillary sequence (HAS), combined
HIF-1 binding site/rat, as human xbp-1
(HBS/xbp-1)
Hepatocyte nuclear factor-3 (HNF-3)

3.24

—

3.45-fold
increase
—

3.16

—

—

107

1.56

—

99

Interferon regulatory factor-1/2 binding
element (IRF-1/2)
Interferon-a stimulated response element
(ISRE-1)
Pyruvate kinase L gene binding element III
(L-III BP)
Muscle-specific enhancer factor-2 (MEF-2)

2.09

2.43-fold
decrease
—

1.96

—

4.18-fold
decrease
—

TRANSFAC
databaseb
108, 109

0.73

—

—

110

2.33

—

111

Muscle-specific enhancer factor-3 (MEF-3)

1.78

MSP-1 (sequence identical to SAA, the SP1
binding site excluded)
Myeloid-specific retinoic acid-responsive
zinc finger (MZF1)

1.63

6.58-fold
decrease
—

3.23

—

12.11-fold
decrease
9.72-fold
decrease
4.96-fold
decrease
2.37-fold
decrease

Downloaded by Tel Aviv University from online.liebertpub.com at 07/13/17. For personal use only.

Transcription factor name

9.24-fold
increase
2.57-fold
increase
—
—

References
93
94, 95
TRANSFAC
databaseb
96
96
97
98
99
93
100
TRANSFAC
databaseb
101
102
103
104

106

96
101
112

(continued)
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TABLE 3. EXPRESSION OF 39 TRANSCRIPTION FACTORS
hMSCS EXPOSED TO NEURONAL DIFFERENTIATION MEDIUM

NAÏVE hMSCS AND BY
24 OR 48 ha (CONTINUED)

Expression by
hMSCs

24 h neuronal
differentiation

48 h neuronal
differentiation

Nuclear Y box factor (NF-Y)

1.60

—

Neural zinc finger factor-3 (NZF-3)

0.81

—

TRANSFAC
databaseb
113

Poly(ADP-ribose) synthetase/polymerase
(PARP)
Paired box gene-3 (Pax-3)

1.15
2.33

2.22-fold
increase
—

Paired box gene-4 (Pax-4)

1.79

—

Paired box gene-6 (Pax-6)

0.92

—

Paired box gene-8 (Pax-8)

1.20

Ras-responsive transcription element
(RREB-1)
Ras-responsive transcription element
(RREB-2)
Related to serum response factor, C4
(RSRFC4)
SAA (Amyloid precursor protein regulatory
element containing potential binding site
for SP1, AP4, USF, and AP1)
Skn (Octamer-binding site in epidermis,
POU domain factor)
Xenobiotic response element (XRE)

0.85

4.85-fold
decrease
—

2.14-fold
decrease
3.72-fold
decrease
9.16-fold
decrease
3.72-fold
decrease
5.46-fold
decrease
2.20-fold
decrease
—
—

118

2.71

—

—

119

3.75

—

—

0.66

2.64-fold
decrease

—

TRANSFAC
databaseb
101

2.16

—

1.28

121

ZIC (One of four DNA binding domains on
the BZLF1 gene promoter)

0.82

5.52-fold
decrease
—

6.57-fold
decrease
—
—

122

Transcription factor name
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References

34
114
115
116
117

120

aMeasurements

represent ODu*mm2. Changes in expression levels are relative to expression in undifferentiated MSCs.
H the transcription factor database: http://www.gene-regulation.com/pub/databases.html. Additional information about the array genes can be found at http://panomics.multipath.net/PDarray2.cfm.
bTRANSFAC,

(66.5%) proteins (Color Plate 2A,B). This was further
supported by the results of immunochemistry staining of
mouse MSCs for CNPase (Color Plate 2C) in which the
majority of the cells were positively labeled. Following
neuronal differentiation, nestin, Neu-N, and NSE proteins
were markedly increased as measured in comparison with
actin levels (Fig. 4A–C).
Expression of patched (PTCH), a receptor for sonic
hedgehog, and smoothened (SMO), a protein that associates with PTCH to transduce the hedgehog signal was
examined by RT-PCR. Rostro-caudal and dorso-ventral
development of the central nervous system (CNS) and
development of midbrain dopaminergic neurons are critically dependent on the expression of sonic hedgehog
(48–50). Both PTCH and SMO were found to be significantly expressed in hMSCs, suggesting that hMSCs

would be able to respond to sonic hedgehog signaling
from the environment. Thus, the expression of 12
neural genes (of 16 examined) by hMSCs was established.

Expression of midbrain neuro-dopaminergic
markers by hMSCs
For detection of midbrain neuro-dopaminergic transcription factors, RNA was isolated from hMSCs. RTPCR was used to analyze transcripts of Nurr1, pairedlike homeodomain transcription factor-3 (Pitx-3), and
Engrailed-1 (En-1) that have been implicated in the specification of the ventral midbrain and are involved in modulation of dopaminergic gene expression (51–54). Indeed,
all three midbrain transcription factors were found to
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FIG. 2. Presence of active transcription factors with potential neural significance suggests neural predisposition of hMSCs. (A)
Eleven active transcription factors with potential neural significance were detected in hMSCs by a protein/DNA array analysis (additional information about the neural significance of these genes can be found in Table 3 and Supplement 2). The presence of these
genes, in addition to the other neuronal genes we have found in hMSCs, suggests that, as demonstrated by the following illustration (B) depicting the neural predisposition versus conventional theories describing the process of human mesenchymal stem cell
differentiation to neural identity. The term “conventional views” represents the idea that MSCs normally express mesenchymal
genes, and only in response to differentiation signals do they begin to express neural genes and acquire a neural identity. The
“neural predisposition” theory, on the other hand, claims that MSCs express a low level of a variety of neural genes as part of the
basal “stem state,” and are thus predisposed to acquire neural identity in response to signaling from the environment.
Abbreviations: AhR/Arnt, aryl hydrocarbon receptor/aryl hydrocarbon receptor nuclear translocator binding element; EVI-1,
Ecotropic viral integration site 1; FKHRhu, human forkhead box O1; GAG, HNF-3b, hepatocyte nuclear factor 3; MEF2(2),
muscle-specific enhancer factor-2; NF-Y, nuclear Y box factor; NZF-3, neural zinc finger factor-3; Pax-3, paired box gene-3;
Pax-6, paired box gene-6; XRE, xenobiotic response element.

be significantly expressed by undifferentiated hMSCs
(Table 2).
The expression of aldehyde dehydrogenase-1 (Aldh1)
in undifferentiated hMSCs was detected by RT-PCR.

Aldh1 is a specific marker for the proliferating dopaminergic progenitor cells, and postmitotic tyrosine hydroxylase-positive cells (52,53,55,56). The Aldh1 enzyme metabolizes retinaldehyde into RA (54). The role of retinoids
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acid decarboxylase (AADC), and catechol-Omethyltransferase (COMT). The tyrosine hydroxylase
(TH) protein, which is the rate-limiting enzyme in the
biosynthesis of catecholamines and is a marker of ventral midbrain neurons, was detected in hMSCs by western blot analysis. Furthermore, protein levels were significantly elevated during neuronal differentiation (Fig.
4D). Dopamine is produced from the amino acid tyrosine
in two steps: The TH enzyme catalyzes the conversion
of tyrosine to 3,4-dihydroxyphenylalanine (1-DOPA),
and requires iron and the cofactor tetrahydropteridine
(BH4) produced by GTPH1, to oxidize tyrosine to 1DOPA. The process is followed by decarboxylation to
dopamine (DA) via the AADC enzyme. Thus, most of
the key genes for neuro-dopaminergic function are expressed in hMSCs. The following four transcripts were
not detected in naïve hMSCs: dopamine receptor D2, dopamine transporter, monoamine oxidase B, and vesicular monoamine transporter 2 (Table 2).
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FIG. 3. hMSCs express neural transcripts before and after
neuronal differentiation. Northern blot analysis was performed
on undifferentiated hMSCs and at different times after induction of neural differentiation. NSE (A), NEGF2 (B), and NF-H
(C) mRNA was detected in hMSCs, and expression increased
following neural differentiation. mRNA levels were normalized
to GAPDH mRNA.
Abbreviations: NSE, neuron-specific enolase; NF-H, neurofilament heavy; NEGF-2, neurite growth-promoting factor-2.

in neuro-dopaminergic maturation is supported by indications that Nurr-1, an orphan nuclear receptor that forms
heterodimers with the RA receptor, has been shown to
be crucial for dopaminergic neurons in the midbrain (57).
The detection by RT-PCR of both Nurr-1 and the retinoic
acid receptor type- (RA-R) in hMSCs suggests that
MSCs could readily react to RA signals from the environment, thereby affecting their acquired identity.
Transcripts of additional genes of the neuro-dopaminergic system were detected in hMSCs and in neuronally
differentiated hMSCs by RT-PCR (Table 2): Dopa decarboxylase, GTP cyclohydrolase-1 (GTPH1), aromatic

In this study, we analyzed the expression of neural
genes by hMSCs in vitro, and focused on three major
groups of genes: neuronal genes, transcription factors
with potential neural involvement, and neuro-dopaminergic genes. We showed that a large variety of these genes
are expressed in the hMSC population, and thus provide
essential information on the broad gene expression patterns of these cells, suggesting a wide differentiation potential.
Studies on animals and humans document an expanding repertoire of potential adult stem cell differentiation
derivatives and reveal adult stem cells the ability of cross
lineage barriers and to adopt gene expression profiles and
functional phenotypes of cells specific to other tissue
types. This flexibility is termed “plasticity.” The multitude of neural genes expressed by hMSCs suggests that
their plasticity range is broad and, in addition to expected
derivatives of mesenchymal lineage (such as adipocytes
and osteoblasts), they possess a potential to differentiate
to neural derivatives. We consider that the possibility that
these neural gene-expressing cells originate in a rare subpopulation of pluripotent progenitor cells, such as multipotent adult progenitor cells (MAPCs) or dormant cells
of embryonic origin (7,58–62) to be unlikely. Rather, it
would seem that neural gene expression is a widespread
phenomenon of MSCs, with potential significance in
plasticity mechanisms. Another possible explanation for
our results is that the cell population had spontaneously
gone through dedifferentiation and then redifferentiation
to derivatives of neural lineages (63–65). The latter hypothesis seems improbable, because the cells retain their
stem cell qualities of clonality, typical MSC morphology,
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FIG. 4. Naïve hMSCs express neural proteins that are elevated during neuronal differentiation. Western blot analysis was performed to determine the expression of neural proteins NeuN (A), NSE (B), nestin (C), and TH (D) in hMSCs both before and
at different times of incubation in neuronal differentiation medium. All four proteins were found to be expressed at a basal level,
which was elevated during the differentiation process. The signals were quantified by densitometry and were normalized in relation to actin.
Abbreviations: NeuN, neuronal nuclei; NSE, neuron-specific enolase; TH, tyrosine hydroxylase.

and potential to differentiate to adipocytes and osteoblasts, thereby implying that they are not mature differentiated cells. A third hypothesis is transdifferentiation
(1,66), which remains a plausible explanation of the plasticity of MSCs.
We propose a modification of the classical plasticity
mechanisms, supporting a multipotential “stem state”
definition (37), whereby stem cells, by definition, express
a wide variety of genes at low basal levels. Plasticity, according to this theory, could be defined as the ability of
a cell to down-regulate the “background” genes that will
not be active in the target differentiated cell, while upregulating genes characteristic of the target derivative
(37,38,67). Some of these “background” genes were traditionally thought to be expressed exclusively by specific
mature cell types, thus serving as markers of these cells.
However, the “stem state” hypothesis suggests that the
activation of these genes offers an opportunity for downstream modification of gene expression profiles, enabling
lineage crossing and resulting in transdifferentiation. The
realization of the potential maturational pathways would

require additional signals, a lack of which would, presumably, result in either the retention of the stem state
condition or in a reduction of cell plasticity. Hence, the
extent of an adult stem cell’s plasticity could be linked
to the span of its gene expression profile.
In view of the “stem state” hypothesis, stem cells that
express neural genes should not automatically be defined
as neuronal cells, nor are they inevitably fated to become
neural cells. The expression of these genes confers to
these cells a potential for neural differentiation that may
otherwise have been impossible or more difficult to attain. In contrast, a neighboring cell that does not express
any neural genes would, by this logic, encounter more
difficulty in differentiation to a neural phenotype. Thus,
neural gene expression would render a stem cell more
prone to mature to neural phenotypes enabled by these
genes, rather than to phenotypes of which the cell does
not yet express any genes. The results of this study support the “stem state” hypothesis and suggest a neural predisposition of MSCs, as reflected by their extensive
neural gene expression (Fig. 2B).
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Although the mechanisms underlying mesenchymal
plasticity are debated, it is known that critical transitions
in these cells are controlled by signaling pathways and
subsequent transcriptional regulation. Modulation of
transcription factor expression could represent a powerful mechanism that could affect cellular mechanisms responsible for cell function and maturity. As in the case
of most transcription factors, they can affect expression
of multiple genes, and their effect on gene expression
usually involves additional factors. This makes it difficult to classify a transcription factor as a “neural transcription factor.” Therefore, on the basis of a review of
literature, we focused on transcription factors that are
most likely to play an important role in cells of neural
lineages. Taken together, the possible downstream neural
effects of these transcription factors suggest that, given
the right conditions, they could participate in the construction, modification, and maintenance of a neural phenotype of the cells, perhaps acting as major coordinators
of neuronal function. We will discuss below a few examples of transcription factors found in hMSCs, and their
potential role in modulating neural phenotypes (for additional information, see Supplement 2). Although our
studies focused on the neural aspects of gene expression
in MSCs, it is clear that some of the genes affect a wide
range of processes, and thus are associated with multiple
lineages, for example, genes involved in the muscle or
hepatic lineages, such as MEF-2 and HNF-3, respectively, have been shown to be involved in important
neural processes as well.
It has been previously reported that overexpression of
EVI-1 leads to neural differentiation of P19 cells by RA
treatment and blocks further differentiation into astrocytes, suggesting that EVI-1 might be an important transcription factor for regulation of early neuroectodermal
differentiation (68). We found an initial decrease in
EVI-1 levels after 24 h of neuronal differentiation, followed by a 9.2-fold increase after 48 h of neuronal differentiation. The increase in this transcription factor’s
level is consistent with the acquired neuronal phenotype
of the cells, and could imply that it has a role in neuronal
differentiation. The function of this factor in undifferentiated MSCs is unknown, but the initial presence of low
levels of EVI-1 may enable a rapid increase, under certain conditions. Thus, this transcription factor is available
in hMSCs to partake in a neuronal differentiation process. Likewise, a significant increase has been found in
the levels of GAG and human FKHR following neuronal
differentiation in vitro. Interestingly, Pax-3 is expressed
in the undifferentiated MSCs. Pax-3 is a transcription factor required for the development of the embryonic neural
tube, neural crest, and somatic derivatives (69); is a
marker of embryonic Schwann cells and nonmyelinating
Schwann cells (70); and has a role in regulating the differentiation of peripheral neurons (71). In the nervous

system, Pax-3 may play an important role during the differentiation of Schwann cells by establishing and maintaining the phenotype of predifferentiated Schwann cells
prior to their terminal differentiation. The DNA-binding
activity of Pax-3 has been previously found to be rapidly
down-regulated upon differentiation, which suggests that
the decrease in the activity of this transcription factor is
closely associated with the production of a morphologically mature neuron, and raises the possibility that the
down-regulation in Pax-3 activity may be an important
regulatory event in the morphological differentiation of
neuronal cells (72). Our results of a decrease in Pax-3
levels following neuronal differentiation closely correlate
with these findings. Pax-3 level in hMSCs was insignificantly lower following 24 h of neuronal differentiation,
and dropped further after 48 h of neuronal differentiation, a total of a 3.7-fold decrease.
Three additional transcription factors were detected in
MSCs: En-1, an essential player in the early establishment
and maintenance of the midbrain/hindbrain region that
gives rise to the cerebellum and midbrain (73,74), and
Nurr1 and Pitx-3, shown to be critical in the development
of the mesencephalic dopaminergic system (75,76). In addition, Pitx-3-responsive elements have been described in
the tyrosine hydroxylase (TH) promoter (77).
The indication that key factors of the neuro-dopaminergic system are in fact present in hMSCs prompted us
to investigate further the dopaminergic potential of
MSCs. We examined multiple genes of the neural
dopaminergic system, and found five genes to be expressed by MSCs: AADC, COMT, GCH1, Aldh1, and TH.
The presence of active transcription factors together with
the gene products of their target promotors suggests a
possible mechanism for expression of dopaminergic
genes in MSCs. For example, the AADC promoter presents an HNF-3 recognition site. HNF-3 has been
shown to bind the neuronal promoter (78), and it is therefore reasonable to assume that the presence of the activated transcription factor HNF-3 (Fig. 2A) modulates
the expression of the AADC gene in these cells. In addition, HNF-3 directly binds the TH promoter, as does
Nurr-1 (79) and Pitx-3. Regulation of the TH gene by
Pitx-3 has been ascribed to a single high-affinity binding
site within the rat TH promoter (80,81). As all three transcription factors (HNF-3, Pitx-3, and Nurr-1) are expressed by MSCs, it is likely that they play a role in modulating the expression of TH in the cells. Thus, a broad
array of factors in the dopamine system and are expressed
in MSCs, providing the basis for potential dopaminergic
functionality of MSCs.
Additional results obtained by our group indicate that
the neuronally differentiated human and mouse MSCs
had indeed acquired neuro-dopaminergic functions following differentiation, and have a beneficial affect in
vivo. Briefly, differentiated and undifferentiated mouse
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and human MSCs were transplanted to the striatum of
animal models of Parkinson’s disease in mice and rats
(MPTP and 6–OH dopamine models). The animals were
monitored for changes in symptoms (as tested by rotational behavior and paw-reaching tests). Compared to
controls, the transplanted animals showed a very significant improvement in all parameters, with a slight advantage to the differentiated MSCs group. Histological
evaluation showed the transplanted cells were able to migrate and home-in via the corpus callosum to the striatum, thalamic nuclei, and substantia nigra of the 6-OH
dopamine-lesioned hemisphere (82). The transplanted
cells were found to express TH, suggesting a dopaminergic function. Detailed results will be published in a separate report. Thus, differentiated MSCs showed a functional role in inducing recovery in vivo.
On a larger scale, our findings may represent a general mechanism of plasticity, calling for further investigation of differentiation mechanisms. While challenging
the simplistic view of the differentiation process as one
of “turning on” genes of a specific lineage and “turning
off” genes of immature undifferentiated cells (37,67), this
phenomenon also suggests an alternative view of differentiation, and of stem cell identity, with implications for
cell replacement therapy.
In conclusion, in this study we have demonstrated the expression of several specific neural markers and transcription factors, as well as a large portion of the genes participating in the neuro-dopaminergic system, by MSCs in vitro.
Our findings also indicate that the expression of neural
markers and some of the activated transcription factors is
enhanced when the stem cells undergo differentiation to
neuronal phenotype. Although we have shown that a significant fraction of hMSCs express the neural nestin protein and the glial CNPase protein (Color Plate 2A,B,C), the
question of what fraction of the hMSC population expresses
each of the neural genes, and how many neural genes are
co-expressed in each cell, requires further investigation.
This study illuminates what may be a crucial side of
MSCs. The accumulating data about the expression of
neural genes by MSCs raises some big questions, such
as: Does the expression of neural genes in these cells affect their functionality, or are the gene-products nonfunctional? Does the basal level of neural gene expression in MSCs alter their identity, or potential identity?
How can the gene expression profile be controlled and
manipulated to change cell identity to a permanent functioning neuron? How do we differentiate between nonspecific basal gene expression and functional specific expression? Perhaps the most immediate implication of
these results should be the development of a more complex approach to determining cell identity and monitoring the differentiation process.
Although it has long been acceptable to base proof of
differentiation on merely a few neural markers that stem or

progenitor cells acquire, we believe this study provides sufficient evidence of the need for a more complex method of
establishing whether or not a significant and lasting change
has occurred in cell identity and function, and for assessing the best differentiation protocol for future clinical uses
of stem cell derivatives in cell replacement therapy.
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PRIMER

SUPPLEMENT 1
SEQUENCES AND ANTIBODY SPECIFICS

TABLE 1. ANTIBODIES USED
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Antibody

FOR

FACS

AND

WESTERN BLOT ANALYSIS

Reactivity

FACS analysis
Phycoerythrin (PE)-conjugated
mouse IgG1
PE-conjugated mouse IgG1
PE-conjugated mouse IgG1
PE-conjugated mouse IgG1
PE-conjugated mouse IgG1
Fluorescein isothiocyanate (FITC)conjugated mouse IgG2a
FITC-conjugated mouse IgG2a
FITC-conjugated mouse IgG2k monoclonal
FITC-conjugated mouse IgG1
Mouse IgG
Alexa488 conjugated
Western blot analysis
Rabbit

Rabbit polyclonal
Mouse IgG1
Mouse IgG2a
Mouse IgG1
Horseradish peroxidase conjugated
Horseradish peroxidase conjugated

Dilution

Source

Anti-human CD29
(Integrin 1)
Anti-human CD19
Anti-human CD44
Anti-human CD56
Isotype, nonspecific
Anti-human CD45

125

eBiosciencea

110
110
120
110
110

eBioscience
Cymbus Biotechnologyb
BD Biosciencesc
eBioscience
Miltenyi Biotecd

Anti-human CD34
Anti-human CD105
Isotype, nonspecific
Anti Nestin
Anti mouse

110
1100
110
120
1500

Miltenyi Biotec
Ancell Corporatione
eBioscience
R&D systems
Molecular Probesf

Anti-human nestin

12,500

Gift from C.A. Messam,
National Institute of
Neurological Disorders
and Stroke, Bethesda, MD

Anti-tyrosine hydroxylase
(TH)
Anti-neuronal nuclei
(NeuN)
Anti-neuron specific
enolase (NSE)
Anti-actin
Goat anti-rabbit IgG
Goat anti-mouse IgG

16,000

Chemicong

11,000

Chemicon

1750

Chemicon

11,250
125,000
120,000

Chemicong
Jackson ImmunoResearchh
Jackson ImmunoResearch

aeBioscience,

San Diego, CA, http://www.ebioscience.com.
Biotechnology, Hampshire, UK, http://www.cymbus.co.uk.
cBD Biosciences, Oxford, U.K., http://bdbiosciences.com.
dMiltenyi Biotec, Cologne, Germany, http://www.miltenyibiotec.com.
eAncell Corporation, Bayport, MN, http://www.ancell.com.
fMolecular Probes, Carlsbad, CA, http://www.invitrogen.com
gChemicon International, Temecula, CA, http://www.chemicon.com.
hJackson ImmunoResearch Laboratories, West Grove, PA, http://www.jacksonimmuno.com.
bCymbus

TABLE 2. OLIGONUCLEOTIDE SEQUENCES
Gene
AADC
Aldh1
COMT
DAT
DRD2

OF

PRIMERS USED

Accession
number

Forward primer (5–3)

NM_000790
NM_000689.3
NM_000754
NM_001044
NM_016574

GGATTCAGGGCTTATCACTGACTACC
TGTTAGCTGATGCCGACTTG
TCAAAACTGACTCGCAGCA
GCTCACCCTGGGTATCGACAGCG
AAGACCATGAGCCGTAGGAA

FOR

RT-PCR
Length
(bp)

Reverse primer (5–3)
TTCATTCACTTTGTTGGAACCCTTTAGC
TTCTTAGCCCGCTCAACACT
ACTCCGCCTTGAGTCTCTGC
ATAGAACCAGGCCACTCCGATGGC
GTACAGGACAGGCGGGATGT

250
154
230
253
159
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Gene
En-1
GAPDH
GPC4
GTPCH1
MAO-B
Necdin
NEGF2
Nestin
NF-H
NF-M
NF-L
NSE
Nurr-1
Pitx-3
PTCH
RA-R
c-Ret
SMO
TPH
TRK-2
VMAT2

Accession
number
NM_001426
NM_002046
NM_001448
NM_000161
NM_000898
NM_002487
X55110
X65964
NM_021076
NM_005382
NM_006158
X13120
NM_006186
NM_005029
NM_000264
NM_000964
NM_000323
NM_005631
NM_004179
NM_006180
NM_003054

OF

PRIMERS USED

Forward primer (5–3)
TCAAAACTGACTCGCAGCA
CCATGGAGAAGGCTGGGG
TGGGAAAGGCAAAAGCAG
TCTCAGATGTCCTAAACGATGCT
TCGACAACAAATGGAGGACA
ATCTGAGCGACCCTAACTTT
CCAAGACCAAAGCAAAGG
CCAGAAACTCAAGCACCAC
TGAACACAGAACGCTATGCGCTCAG
AAGCCACTCAGACCAGAATA
AGACCCGACTCAGTTTCAC
CTCAAGGGAGTCATCAAGGA
AAAAGGCCGGAGAGGTCGTTTGCC
AGGAGCTAGAGGCGACCTTC
ACAAACTCCTGGTGCAAACC
AGCAGCAGTTCTGAAGAGATAGTGCC
TGTGGAGACCCAAGACATCA
GGGAGGCTACTTCCTCATCC
CTGCCATGAACTCTTAGGTC
TAACCTCACTGTGGAGGAAG
GACTATGGTCACCGGGAATGCTAC

FOR

RT-PCR (CONTINUED)
Reverse primer (5–3)

ACTCCGCCTTGAGTCTCTGC
CAAAGTTGTCATGGATGACC
CTCTCTGCATAACCAGGAAC
CAAGGACTTGCTTGTTAGGAAGA
CAGAGGGGGATTGAAGTGAA
CTTTCACCATGTCTGGAAAC
TTTATTGGGGGGAAAAAGTCAG
TTTTCCACTCCAGCCATCC
CACCTTTATGTGAGTGGACACAGAG
GCAGCGATTTCTATATCCAG
ACCTTCACCTCCTTCTTCTT
ATTGGCTGTGAACTTGGACC
TGGGTTCCTTGAGCCCGTGTCTC
AAGCTGCCTTTGCATAGCTC
CTTTGTCGTGGACCCATTCT
CGTCAGCGTGTAGCTCTC
CCGAGACGATGAAGGAGAAG
GGCAGCTGAAGGTAATGAGC
CTCATCTTCTCCTTTGCATC
CCCGTTATAGAACCACTGAA
GCAGAATCCCGCAAATATGG

Length
(bp)
180
194
386
153
237
360
359
398
400
366
350
356
550
175
207
352
233
167
351
352
246

Abbreviations: AADC, aromatic L-amino acid decarboxylase, Aldh1, aldehyde dehydrogenase-1; COMT, catechol-o-methyltransferase; DAT, dopamine transporter; DRD2, dopamine receptor D2; En-1, engrailed 1; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GPC4, glypican 4; GTPCH1, GTP cyclohydrolase 1; MAO-B, monoamine oxidase B; NEGF2, neurite outgrowthpromoting factor 2; NF-H, neurofilament heavy; NF-L, neurofilament-light; NF-M, neurofilament-medium; NSE, neuron-specific
enolase; Nurr-1, nuclear receptor related-1; Pitx-3, paired-like homeodomain transcription factor 3; PTCH, patched homolog; RAR, retinoic acid receptor type ; SMO, smoothened; TPH, tryptophan hydroxylase; Trk-2, neurotrophic tyrosine kinase receptor
type 2; VMAT-2, Vesicular monoamine transporter-2.

SUPPLEMENT 2
INFORMATION FROM LITERATURE ABOUT THE NEURAL INVOLVEMENT
OF TRANSCRIPTION FACTORS EXAMINED BY PROTEIN/DNA ARRAY
As described in the Results section of this paper, we preformed a Protein/DNA array to detect active transcription factors in hMSCs. Below is a short summary of studies revealing the possible neural significance of eight transcription factors that we found to be active in hMSCs, but have not been discussed in the article itself.
Glycosaminoglycan (GAG): This element is located on the promoter of the rat amyloid precursor protein (APP)
gene (1). APP is expressed preferentially in the brain and has been implicated in neurite outgrowth and neuroprotection (2,3). There are studies that document a GAG dependent mechanism of agrin proteoglycan-induced neurite
inhibition (4).
Nuclear Y box factor (NF-Y): The activation of the neuronal promoter of the aromatic L-amino acid decarboxylase (AADC) gene requires a direct interaction between the ubiquitous NF-Y factor and a cell-specific POU-domain
protein (5).
Neural zinc finger factor 3 (NZF-3): Similar to other members of this family, NZF-3 is expressed primarily in the
nervous system and in PC-12 cell line but not in nonneuronal cell lines. PCR studies failed to identify any other
novel member in non-neuronal tissues, which offers support to the idea that this is a neural specific gene family.
NZF-3 confers repression on the basal activity of promoters containing the consensus binding elements, and therefore may represent a negative regulator (6).
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Paired box gene-6 (Pax-6): Pax-6 is a critical transcription factor in the development of the eye, pancreas, and
CNS (7). Expression in the developing nervous system follows a restricted pattern of expression in the CNS that includes the cerebral cortex, much of the ventral neural tube. Pax-6 plays multiple roles in forebrain patterning, including boundary formation, regional patterning, neuron specification, and axon guidance (8).
Muscle-specific enhancer factor-2 (MEF-2): Transcripts of MEF-2 are found in skeletal muscle, spleen, and brain
where it is expressed in strict tissue-specific patterns and in the brain is limited to a subset of cerebro-cortical neurons (9–12). This factor was found to play a role in neuroprotection (13,14).
Aryl hydrocarbon receptor/aryl hydrocarbon receptor nuclear translocator binding element (AhR/Arnt): AhR
and ARNT mRNA-containing cells are widely distributed throughout the rat brain and brainstem (15,
16). Supporting a hypothesis that AHR has an evolutionarily conserved role in neuronal development, Caenorhabditis elegans lacking ahr-1 function have specific defects in neuronal differentiation, as evidenced by changes in
gene expression, aberrant cell migration, axon branching, or supernumerary neuronal processes (17). Additional
reports suggest that the C. elegans orthologs of AHR and ARNT, ahr-1 and aha-1, regulate GABAergic motor
neuron fate specification (18). AhR-related proteins could play physiological roles in cellular proliferation, differentiation, and/or development through modulation of de novo synthesis of particular target proteins at the level
of gene transcription, including the mammalian CNS (19).
Xenobiotic response element (XRE): It appears that XRE binding may play a key role in gene transcription of
some target proteins in the rat cerebellum that exhibited the highest XRE binding, with unique profiles among different discrete brain structures in terms of subcellular enrichment and protease sensitivity. The fact that indigo significantly increased XRE binding in nuclear extracts of cultured cerebellar cells only when exposed in the presence
of potassium chloride (KCl), argues in favour of a possible involvement of this putative agonist in mechanisms underlying proliferation, differentiation, and/or maturation of particular neurons in the cerebellum (19). Interestingly,
ligand binding to AhR is shown to modulate dorsal midbrain development (20).
Human forkhead box O1 (FKHR): Known to act as a DNA-binding-independent co-factor of nuclear receptor, including estrogen, retinoid, and thyroid hormone receptors (21–23), results suggest a role for FKHR in the crucial
processes of cell survival and cycling that take place during the differentiation of T cell progenitors in the thymus
(24). In addition, there is evidence that FKHR is expressed in wide diversity of differentiated tissues, including the
brain, with rather high expression in the spinal cord (25). Thus, it is possible that FKHR is involved in the differentiation processes there (26,27).

SUPPLEMENT 2 REFERENCES
1. Hoffman PW and JM Chernak. (1995). DNA binding and
regulatory effects of transcription factors SAA and USF at
the rat amyloid precursor protein gene promoter. Nucleic
Acids Res 23:2229–2235.
2. Wang Z-f and J-Z Wang. (2004). Overexpression of amyloid precursor protein inhibits neurite outgrowth and disrupts cytoskeleton in N2a cells. Chin Med J 117:775–778.
3. Mattson MP. (1997) Cellular actions of beta-amyloid precursor protein and its soluble and fibrillogenic derivatives.
Physiol Rev 77:1081–1132.
4. Baerwald-de la Torre K, Winzen U, Halfter W and JL
Bixby. (2004). Glycosaminoglycan dependent and independent inhibition of neurite outgrowth by agrin. J Neurochem 90:50–61.
5. Dugast C and MJ Weber. (2001) NF-Y binding is required
for transactivation of neuronal aromatic L-amino acid decarboxylase gene promoter by the POU-domain protein
Brn-2. Brain Res Mol Brain Res 89:58–70.
6. Yee KS and VC Yu. (1998) Isolation and characterization
of a novel member of the neural zinc finger factor/myelin
transcription factor family with transcriptional repression
activity. J Biol Chem 273:5366–5374.
7. Zhou YH, JB Zheng, X Gu, GF Saunders and WK Yung.
(2002). Novel PAX6 binding sites in the human genome

8.

9.

10.

11.

12.

13.

163

and the role of repetitive elements in the evolution of gene
regulation. Genome Res 11:1716–1722.
Mastick GS, NM Davis, GL Andrew and SS Easter Jr.
(1997). Pax-6 functions in boundary formation and axon
guidance in the embryonic mouse forebrain. Development
124:1985–1997.
McDermott JC, MC Cardoso, YT Yu, V Andres, D Leifer,
D Krainc, SA Lipton and B Nadal-Ginard. (1993).
hMEF2C gene encodes skeletal muscle- and brain-specific
transcription factors. Mol Cell Biol 13:2564–2577.
Martin JF, JJ Schwarz and EN Olson. (1993). Myocyte enhancer factor (MEF) 2C: a tissue-restricted member of the
MEF-2 family of transcription factors. Proc Natl Acad Sci
USA 90:5282–5286.
Leifer D, Krainc D, Yu YT, McDermott J, Breitbart RE,
Heng J, Neve RL, Kosofsky B, Nadal-Ginard B and SA
Lipton. (1993). MEF2C, a MADS/MEF2-family transcription factor expressed in a laminar distribution in cerebral
cortex. Proc Natl Acad Sci USA 90:1546–1550.
McDermott JC, Cardoso MC, Yu YT, Andres V, Leifer D,
Krainc D, Lipton SA and B Nadal-Ginard. (1993).
hMEF2C gene encodes skeletal muscle- and brain-specific
transcription factors. Mol Cell Biol 13:2564–2577.
Heidenreich KA, and DA Linseman. (2004). Myocyte enhancer factor-2 transcription factors in neuronal differentiation and survival. Mol Neurobiol 29:155–166.

Downloaded by Tel Aviv University from online.liebertpub.com at 07/13/17. For personal use only.

BLONDHEIM ET AL.
14. Wang X, X Tang, M Li, J Marshall and Z Mao. (2005).
Regulation of neuroprotective activity of myocyte-enhancer
factor 2 by cAMP-protein kinase A signaling pathway in
neuronal survival. J Biol Chem 280:16705–16713.
15. Petersen SL, Curran MA, Marconi SA, Carpenter CD, Lubbers LS and MD McAbee. (2000). Distribution of mRNAs
encoding the arylhydrocarbon receptor, arylhydrocarbon
receptor nuclear translocator, and arylhydrocarbon receptor nuclear translocator-2 in the rat brain and brainstem. J
Comp Neurol 427:428–439.
16. Levine SL and GH Perdew. (2001). Aryl hydrocarbon receptor (AhR)/AhR nuclear translocator (ARNT) activity is
unaltered by phosphorylation of a periodicity/ARNT/single-minded (PAS)-region serine residue. Mol Pharmacol
59:557–566.
17. Qin H and JA Powell-Coffman. (2004). The Caenorhabditis elegans aryl hydrocarbon receptor, AHR-1, regulates
neuronal development. Dev Biol 270:64–75.
18. Huang X, Powell-Coffman JA and Y Jin. (2004).The AHR1 aryl hydrocarbon receptor and its co-factor the AHA-1
aryl hydrocarbon receptor nuclear translocator specify
GABAergic neuron cell fate in C. elegans. Development.
131:819–828.
19. Kuramoto N, K Baba, K Gion, C Sugiyama, H Taniura and
Y Yoneda. (2003). Xenobiotic response element binding
enriched in both nuclear and microsomal fractions of rat
cerebellum. J Neurochem 85:264–273.
20. Zheng Z, JL Fang and P Lazarus. (2002) Glucuronidation:
an important mechanism for detoxification of benzópyrene
metabolites in aerodigestive tract tissues. Drug Metab Dispos 30:397.

21. Schuur ER, AV Loktev, M Sharma, Z Sun, RA Roth and
RJ Weigel. (2001). Ligand-dependent interaction of estrogen receptor-alpha with members of the forkhead transcription factor family. J Biol Chem 276:33554–33560.
22. Zhao HH, RE Herrera, E Coronado-Heinsohn, MC Yang,
JH Ludes-Meyers, KJ Seybold-Tilson, Z Nawaz, D Yee,
FG Barr, SG Diab, PH Brown, SA Fuqua and CK Osborne.
(2001) Forkhead homologue in rhabdomyosarcoma functions as a bifunctional nuclear receptor-interacting protein
with both coactivator and corepressor functions. J Biol
Chem 276:27907–27912.
23. Durham SK, A Suwanichkul, AO Scheimann, D Yee, JG
Jackson, FG Barr and DR Powell. (1999). FKHR binds the
insulin response element in the insulin-like growth factor
binding protein-1 promoter. Endocrinology 140:3140–
3146.
24. Leenders H, S Whiffield, C Benoist and D Mathis. (2000).
Role of the forkhead transcription family member, FKHR,
in thymocyte differentiation. Eur J Immunol 30:2980–
2990.
25. The Weizmann Institute GeneCards® Database of Human
Genes. Available at http://bioinfo1.weizmann.ac.il/genecards/
index.shtml. Accessed July 6, 2005.
26. Srinivasan S, M Anitha, S Mwangi and RO Heuckeroth.
(2005). Enteric neuroblasts require the phosphatidylinositol 3-kinase/Akt/Forkhead pathway for GDNF-stimulated
survival. Mol Cell Neurosci 29:107–119.
27. Wang X, Chen L, Maures TJ, Herrington J and C CarterSu. (2004). SH2–B is a positive regulator of nerve growth
factor-mediated activation of the Akt/Forkhead pathway in
PC12 cells. J Biol Chem 279:133–141.

164

