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Mesenchymal stem cells (MSCs) represent a source of pluripotent cells that are already in various phases of 
clinical application. However, the use of MSCs in tissue engineering has been hampered largely due to their 
limitations, including low proliferation, fi nite life span, and gradual loss of their stem cell properties during 
ex vivo expansion. Nanog and Oct4 are key transcription factors essential to the pluripotent and self-renewing 
phenotypes of undifferentiated embryonic stem cells (ESCs). To determine whether Nanog and Oct4 improve 
human bone marrow-MSC quality, we therefore established stable Nanog and Oct4 overexpressing MSCs using 
a lentiviral system and showed that this promoted cell proliferation and enhanced colony formation of MSCs. 
In differentiating MSCs, Nanog, and Oct4, overexpression had converse effects on adipogenesis of MSCs and 
Nanog overexpression slowed down adipogenesis, whereas Oct4 overexpression improved adipogenesis. Nanog 
and Oct4 overexpression both improved chondrogenesis. Microarray data showed many differences in tran-
scriptional targets in undifferentiated MSCs overexpressing Nanog and Oct4. These results provide insight into 
the improvement of the stemness of MSCs by genetic modifi cation with stemness-related genes.

Introduction

Mesenchymal stem cells (MSCs) represent a potential 
source of pluripotent cells for tissue engineering. 

MSCs show multilineage differentiation capacity including 
osteogenic, chondrogenic, adipogenic, and myogenic lin-
eages [1–3]. Human MSCs derived from the bone marrow 
(hBMSCs) represent a source of pluripotent cells that are 
already in various phases of clinical application [4–6]. Their 
most immediate use is in the orthopedic context because of 
the clear demonstration of their ability to differentiate into 
bone and cartilage [1,7]. However, the use of MSCs in tissue 
engineering has been hampered largely due to their disad-
vantages including lower proliferation, limited lifespan and 
progressive loss of their stem cell properties during ex vivo 
expansion etc.

The pluripotent cell-specifi c gene Nanog encodes a 
homeodomain-bearing transcription factor required for 
maintaining the undifferentiated state and self-renewal of 
stem cells [8–9]. Nanog was expressed in pluripotent cells 
of preimplantation and early postimplantation embryos, 
embryonic stem cells (ESCs) and embryonic germ (EG) cells. 
Downregulation of Nanog induces differentiation of human 

ESCs to extraembryonic lineages [10], overexpression of 
Nanog in human embryonic stem cells (hESCs) cells enables 
feeder-free growth while inducing primitive ectoderm fea-
tures [11], indicating that Nanog functions as a key player in 
maintaining the pluripotency of stem cells. It was shown that 
Nanog overexpressing MSCs had much higher capabilities for 
expansion and osteogenesis [12]. Ectopic expression of Nanog 
in NIH3T3 increases growth rate and transformed phenotype 
[13–14], suggesting Nanog might function in a similar fashion 
in mature cells as in ESCs.

Oct4 encoded by Pou5f1 belongs to the family of Pou-
domain transcription factors, Oct4 expression is normally 
confi ned to pluripotent cells of the developing embryos [15]. 
Oct4 is also transiently expressed in the developing endoderm 
[16] and neurectoderm [17] of the embryos. Downregulation 
of Oct4 in ESCs induces trophectoderm differentiation, 
whereas overexpression induces differentiation into extraem-
bryonic mesoderm and endoderm [18], showing that Oct4 is a 
crucial and dose-dependent determinant of pluripotency in 
ESCs. In mice, a loss-of-function mutation for Oct4 results in 
early embryonic lethality because of the inappropriate differ-
entiation of pluripotent epiblast cells into trophectoderm [19]. 
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Ectopic expression of Oct4 in certain somatic cells has been 
associated with active dedifferentiation [20].

Oct4 is expressed at very low levels in early passage MSCs 
and disappears in MSCs at late passage whereas Nanog is 
almost undetected in MSCs even at early passage (data not 
shown). To determine whether ectopic expression of Nanog 
and Oct4 will improve bone marrow derived MSC quality, 
we examined the effects of Nanog and Oct4 overexpression 
on MSCs and their targets in undifferentiated MSCs in this 
study.

Materials and Methods

MSC culture, chondrocyte, and adipocyte 
differentiation

Human bone marrow-derived mesenchymal stem cells 
(hBMSCs) were harvested from the iliac crest and cultured as 
described [21] after informed consent according to guidelines 
of the IRB of the National University Hospital, Singapore. To 
prevent spontaneous differentiation, cells were maintained 
at subconfl uent levels. MSCs were induced to differentiate 
towards adipocytes as described [2], 2 × 105 MSCs in W6 
plate were induced to differentiate into adipocytes for 14 
days in adipogenic medium. Adipogenic medium contained 
0.5 mM isobutyl-methylxanthine (IBMX), 1 μM dexametha-
sone (Sigma Chemical, St. Louis, MO), 10 μM insulin, 200 μM 
indomethacin, and 1% antibiotic/antimycotic. Pellet culture 
system described [22] was used for chondrocyte differentia-
tion. Briefl y, 2 × 105 MSCs were placed in a 15 mL polypro-
pylene tube (Falcon) and centrifuged to a pellet. The pellet 
was cultured at 37°C with 5% CO 2 in 500 μL of chondrogenic 
medium that contained 10 ng/mL transforming growth fac-
tor (TGF)-β3, 10–7 M dexamethasone, 50 μg/mL ascorbate-
2-phosphate, 40 μg/mL proline, 100 μg/mL pyruvate, and 
50mg/mL ITS + Premix (Becton Dickinson, Franklin Lakes, 
NJ; 6.25 μg/mL insulin, 6.25 μg/mL transferrin, 6.25μg/mL 
selenious acid, 1.25 mg/mL BSA, and 5.35 mg/mL linoleic 
acid). The medium was replaced every 3–4 days for 28 days. 
Differentiation of MSCs was evaluated by real time polymer-
ase chain reaction (PCR) and stain. Oil red O stain for lipoid 
deposits in adipogenesis, and immunostaining against col-
lagen type 2 (COL2A1) and alcian blue stain for cartilage 
proteoglycans in chondrogenesis was used in this study.

Construction of expression plasmids and 
infection of MSCs

Nanog and Oct4 was amplifi ed from cDNA of hESCs H9 
and then cloned into pENTRTM3C (Invitrogen). Via LR recom-
bination between pENTRTM3C and pLenti6/V5 (Invitrogen), 
pLentiviral vectors for overexpressing Nanog or Oct4 were 
created (Fig. 1A). Lentivirus was generated by cotransfect-
ing pLentiviral vector for overexpressing Nanog or Oct4 
and packaging mix (Invitrogen) into 293FT cells, then MSCs 
were infected with viral supernatant to achieve Nanog or 
Oct4 overexpression and were selected with 5 μg/mL blas-
ticidin for 7 days. The empty pLenti6/V5 with no insert was 
used as control (Dest).

Cell proliferation analysis

To determine the effects of Nanog or Oct4 overexpression 
on MSC proliferation rate, 1 × 104 cells were plated in 6-well 

plates in duplicate, and Nanog or Oct4 overexpression on 
cell proliferation were determined by counting cells with a 
hematometer in duplicate at day 2, 4, 6, 8, 10, and 12 after 
seeding compared with no insert control MSCs. MSCs that 
were confl uent were subcultured to a bigger fl ask.

Colony forming unit–fi broblast assay

To determine the effects of Nanog or Oct4 overexpres-
sion on colony formation of MSCs, 250, 500, and 1000 Nanog 
or Oct4 overexpressing and control MSCs were seeded into 
10 cm dishes in triplicate. The colonies were counted after 
Giemsa stain 18 days after seeding.

Quantitative real time PCR

To quantify effect of Nanog and Oct4 overexpression 
on differentiation of MSCs, quantitative real time PCR was 
performed with Taqman expression assay according to the 
manufacturer and an ABI 7700 Prism (Applied Biosystems, 
Foster City, CA). Briefl y, 0.3 μg of total RNA was converted 
to cDNA using high capacity cDNA archive kit in 30 μL and 
then diluted to 300 μL. Quantitative reverse transcriptase 
(RT)-PCR was done as follows: initial denaturation for 2 min 
at 50°C, 10 min at 95°C, following 40 cycles of PCR (95°C for 
15 s, 60°C for 1 min) by using 5 μL of 2× Master mix, 0.5 
μL of Taqman probe and 4.5 μL of cDNA. All probes were 
designed with a 5’ fl uoregenic 6-carboxylfl uorescein, and a 
3’ quencher, tetramethyl-6-carboxyrhodamine. The expres-
sion of human GAPDH was used to normalize gene expres-
sion levels.

Western blot analysis

Cells were collected by centrifugation, cell pellet was 
resuspended in lysis buffer (25 mM Tris, pH7.5, 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) con-
taining proteinase inhibitors and incubated on ice for 30 
min. Following centrifugation at 16,000g for 15 min at 4°C, 
the supernatant containing total cell extract was collected 
and kept at −80°C. Protein from cell extracts in the gel was 
electrophoretically transferred onto a Hybond-PVDF mem-
brane (Amersham Biosciences, Piscataway, NJ). The mem-
brane was incubated for 1 h at room temperature in blocking 
buffer (TBS-T containing 5% skim milk) to block nonspecifi c 
protein binding and then incubated at room temperature for 
1 h with the primary antibody against Nanog (eBioscience, 
San Diego, CA) or Oct4 (Santa Cruz, Biotechnology Inc., 
Santa Cruz, CA) diluted (1:300) in blocking buffer for 1 h. 
Following four washes with TBS-T, the membrane was incu-
bated for 1 h with the HPR-conjugated secondary antibody 
diluted (1:3000) in blocking buffer for 1 h. Antibody binding 
was visualized with an ECL Western blotting detection sys-
tem (Amersham Biosciences).

cDNA microarray analysis

To determine the targets of Nanog or Oct4 in MSCs, 
we overexpressed Nanog or Oct4 in MSCs and analyzed 
their gene expression profi les in undifferentiated MSCs 
using microarrays. Total RNA was isolated from Nanog-, 
Oct4-overexpressing and no insert control MSCs using 
RNeasy mini-kit (Qiagen, Chatsworth, CA) per the man-
ufacturer’s protocol. In brief, 3.5 μg total RNA was used 
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to generate the gene list with signifi cant change in gene 
expression profi le. In this study, MSCs from two patients 
in duplicate were used. Functional classifi cation of Nanog 
or Oct4 targets in MSCs was performed by the Panther 
Classifi cation System. Statistically signifi cant overrepre-
sented annotation categories were determined using the 
observed number of genes versus the numbers expected by 
chance within a certain annotation group.

Statistical Analysis

All experiments were performed at least twice (n ≥ 4). 
Values are expressed as average and standard deviations. The 
probability associated with a Student’s test was performed for 
comparisons of the parameters between two groups. P-values 
less than 0.05 were considered statistically signifi cant.

to synthesize double-strand DNA using one cycle cDNA 
synthesis kit. cDNA was purifi ed by using Sample Cleanup 
Module. In vitro transcription was performed to produce 
biotin-labeled cRNA using GeneChip IVT Labeling Kit. 
Biotinylated cRNA was cleaned and fragmented to 50–200 
nucleotides with Sample Cleanup Module and hybrid-
ized 16 h at 45°C to Affymetrix HG U133 plus 2 containing 
more than 54,675 human genes. After washing, the array 
was stained with streptavidin-phycoerythrin (Molecular 
Probes, Eugene, OR). The staining signal was amplifi ed 
by biotinylated anti-streptavidin (Vector Laboratories, 
Burlingame, CA), followed by streptavidin-phycoerythrin 
stain, and then scanned on GCOS 3000 (Affymetrix). The 
data were analyzed using Software Genespring V7.3. A 
t-test on normalized intensity followed by ratio change 
(ratio of normalized intensity ≥1.5 or ≤–1.5) was used 
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and Oct4 overexpressing mesenchymal 
stem cells (MSCs) and effects of their 
overexpression on proliferation of MSCs, 
showing Nanog and Oct4 promoted pro-
liferation of MSCs by an average 1.67-fold 
and 1.51-fold, respectively. (A) Schematic 
representation of transgenes used to pro-
duce Nanog or Oct4 overexpressing MSCs. 
The Nanog or Oct4 from human embry-
onic stem cells (ESCs) was cloned into 
pENTRTM3C under the control of CMV 
promoter. By LR recombination, the lenti-
viral vector for Nanog or Oct4 overexpres-
sion was created. (B) Nanog detection in 
Nanog overexpressing MSCs by Western 
blot analysis 2 months after infection with 
lentivirus for Nanog overexpression. 1 = 
Human ESCs with MEF (H9); 2 = Dest 
(no insert)-infected MSCs; and 3 = Nanog 
overexpressing MSCs. (C) Oct4 detection 
in Oct4 overexpressing MSCs by Western 
blot analysis 2 months after infection 
with lentivirus for Oct4 overexpression. 
1 = Human ESCs with MEF (H9); 2 = Dest 
(no insert)-infected MSCs; and 3 = Oct4 
overexpressing MSCs. (D) Proliferation 
curves of Nanog or Oct4 overexpressing 
MSCs compared with Dest control MSCs. 
Time points represent average values from 
duplicate measurements and their stan-
dard deviation. Nanog or Oct4 overex-
pression promoted cell growth of MSCs. 
Asterisks indicates a signifi cant difference 
compared to no insert control (t-test: P < 
0.05). (E) Nanog or Oct4 overexpression 
maintained MSCs morphology. At passage 
10, no insert control (Dest) MSCs became 
fl at and gradually lost MSC morphology 
whereas Nanog and Oct4 overexpressing 
MSCs retained MSC morphology.
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overexpression improved formation of colony-forming 
units. Nanog and Oct4 overexpressing and control MSCs 
were trypsinized to single cells, 250, 500, and 1,000 MSCs 
were seeded in ϕ10 cm dish in triplicate, and the ability to 
form colonies was assayed. Nanog overexpression enhanced 
colony formation of MSCs by an average 1.94-fold (Fig. 2A 
and 2B). Compared with Nanog overexpression, Oct4 over-
expression enhanced colony formation of MSCs a little 
higher by an average 2.43-fold (Fig. 2A and 2B). MSCs from 
colonies retained MSC morphology (Fig. 2C). These fi nd-
ings suggested Nanog or Oct4 overexpression was capable 
of maintaining MSCs undifferentiated state.

Effect of Nanog and Oct4 overexpression on 
adipogenesis of MSCs

MSCs can differentiate into adipocytes, osteoblasts and 
chondrocytes, so we examined the effect of Nanog or Oct4 
overexpression on differentiation of MSCs. We showed that 
Nanog overexpression decreased adipogenic marker CEBPα 
by 0.34-fold and PPARγ by 0.51-fold compared with no insert 
control (Fig. 3A). Oil red stain for lipid deposits in adipo-
genesis showed that adipogenesis of Nanog-infected MSCs 
was not incomplete and showed weaker oil red stain than 
control MSCs (Fig. 3B), suggesting Nanog overexpression 
slowed down adipogenesis of MSCs. In contrast to Nanog 
overexpression, adipogenic marker CEBPα was upregulated 
by 1.73-fold and PPARγ by 1.52-fold by Oct4 overexpression 
(Fig. 3A). Different from Nanog overexpression, oil red stain 
of Oct4 overexpressing MSCs showed complete differentia-
tion towards adipogenesis (Fig. 3B). These showed that Oct4 
overexpression improved adipogenesis of MSCs.

Effect of Nanog and Oct4 overexpression on 
chondrogenesis of MSCs

The rapidly emerging fi eld of tissue engineering holds 
great promise for the generation of cartilage tissue from 
chondrogenesis of MSCs. We examined the effects of Nanog 
or Oct4 overexpression on chondrogenesis using pellet cul-
ture compared with control MSCs, Nanog overexpression 
increased the expression level of COL2A1 by 3.71-fold and 
aggrecan by 2.49-fold. Chondrogenenic master regulator 
Sox9 and hypertrophic marker COL10A1 was upregulated 
by Nanog overexpression to 1.63-fold and 2.7-fold, respec-
tively (Fig. 4A). Consistent with transcriptional level, Nanog 
overexpression enhanced COL2 immunostaining and alcian 
blue stain for cartilage specifi c proteoglycan (Fig. 4B and 
4C). Similar to Nanog overexpression, Oct4 overexpression 
increased the expression level of COL2A1 by 7.79-fold and 
aggrecan by 5.53-fold, Sox9 by 2.04-fold and COL10A1 by 
3.65-fold (Fig. 4A). These were consistent with immunostain 
against COL2A1 and alcian blue stain, showing enhanced 
expression of collagen type 2 and cartilage specifi c proteo-
glycan by Oct4 overexpression (Fig. 4B and 4C). Upregulation 
of chondrogenic master regulator Sox9 by both Nanog and 
Oct4 might be responsible for improved cartilage differenti-
ation potential.

Targets of Nanog and Oct4 in undifferentiated MSCs

To understand the molecular mechanisms underlying 
the effects of Nanog or Oct4 on MSCs, we used microarray 
analysis to determine gene expression profi les of Nanog or 

Results

Stable expression of Nanog and Oct4 in MSCs by 
lentiviral vector

Endogenous Oct4 was only expressed at low levels in 
MSCs at early passage (data not shown). This is consistent 
with studies by Tai et al. [23]. The expression of Nanog was 
almost undetectable in MSCs (data not shown). It was very 
diffi cult to transfect MSCs with conventional transfection 
methods including lipofectamine 2,000 etc. To mediate 
highly effi cient and stable expression of Nanog or Oct4 in 
the MSCs, lentiviral vectors carrying a CMV promoter and 
blasticidin selectable marker for overexpression of Nanog 
or Oct4 were constructed by cloning Nanog or Oct4 from 
cDNA of hESCs H9 into pENTRTM3C and then LR recombi-
nation between pENTRTM3C and pLenti6/V5 (Fig. 1A). MSCs 
were infected with lentivirus and selected with 5 μg/mL 
blasticidin for 7 days. Blasticidin-resistant MSCs were gen-
erated and Western blot analysis showed that Nanog or Oct4 
was expressed at high levels in Nanog or Oct4 overexpress-
ing MSCs and not detected in control MSCs for even as long 
as 2 months after infection with lentivirus (Fig. 1B and 1C). 
This showed also that stable expression of Nanog or Oct4 
can be effi ciently mediated by lentivirus system. Compared 
with expression levels in ESCs, expression of Nanog or Oct4 
in MSCs was a little lower in Nanog or Oct4 overexpressing 
MSCs (Fig. 1B and 1C). Overexpressed Nanog and Oct4 in 
MSCs were localized to the nuclei as shown by immunos-
tain (Supplementary Fig. 1A and 1B; Supplementary materi-
als are available online at http://www.liebertpub.com).

Effect of Nanog and Oct4 overexpression on cell 
proliferation of MSCs

Nanog and Oct4 are transcribed specifi cally in pluripotent 
ESCs and EG cells and both play a crucial role in the main-
tenance of both undifferentiated states. It was shown that 
Oct4-expressing MSCs displayed high proliferative capac-
ity [24], and ectopic expression of Nanog increased growth 
rate of MSCs [12] and NIH3T3 [13–14]. It was expected that 
Nanog and Oct4 promoted cell proliferation of MSCs by act-
ing as a transcriptional regulator. Compared with control 
MSCs, overexpression of Nanog enhanced the proliferation 
rate of MSCs by average 1.67-fold. This was consistent with 
increased proliferation rate of MSCs [12] and NIH3T3 [13–14] 
by Nanog overexpression. Effect of Oct4 overexpression on 
proliferation rate of MSCs was similar to that of Nanog over-
expression. Oct4 overexpression increased proliferation rate 
of MSCs by average 1.51-fold (Fig. 1D). During passage, con-
trol MSCs became fl at at passage 10 and began to lose MSC 
morphology, whereas Nanog or Oct4 overexpressing MSCs 
still retained the morphology of MSCs (Fig. 1E), showing 
Nanog or Oct4 overexpression not only promoted prolifer-
ation rate of MSCs, but also maintained the morphology of 
MSCs.

Effect of Nanog and Oct4 overexpression on colony 
formation of MSCs

Formation of colony-forming units was used to test stem-
ness of Nanog or Oct4 overexpressing MSCs. As Nanog 
or Oct4 overexpressing MSCs enhanced the proliferation 
rate of MSCs, we examined whether the Nanog or Oct4 
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Oct4 overexpressing MSCs in comparison to control MSCs, 
we focused on targets of Nanog or Oct4 in MSCs. A fold 
change threshold above 1.5 and below –1.5 was considered as 
upregulated or downregulated genes. Our data showed that 
606 genes were upregulated by Nanog overexpresison and 
480 genes by Oct4 overexpresion in undifferentiated MSCs 
(Supplementary Fig. 2, Supplementary Table 1), while 638 
genes were downregulated by Nanog overexpresison and 
333 genes by Oct4 overexpresion in undifferentiated MSCs. 
Nanog and Oct4 showed many differences in targets in 
MSCs (Fig. 5A and 5B), among upregulated genes by Nanog 
and Oct4, only 32 genes were common genes (Supplemen-
tary Fig. 2). Comparing these lists with the lists of 1,687 genes 
whose promoters were found to be occupied by Nanog in 
ESCs and 623 genes whose promoters were found to be occu-
pied by Oct4 in ESCs [25], 56 upregulated genes by Nanog 
and 21 upregulated genes by Oct4 were common between 
MSCs and ESCs (Supplementary Table 2), while 31 downreg-
ulated genes by Nanog and 13 downregulated genes by Oct4 
were common (Supplementary Table 3). Targets of Nanog or 
Oct4 in MSCs were much less than those of Nanog or Oct4 in 
ESCs. This maybe a result of reprogramming of methylation 
and other chromatin modifi cations in adult stem cells MSCs, 
which blocked the accessibility of promoters in genes that 
were not be accessible for Nanog or Oct4 regulation.

The expression patterns of selected genes from paral-
lel samples analyzed by microarrays were subsequently 
compared by RT-PCR for validation. RT-PCR assays were 
consistent with the microarray data (Fig. 5C). MMP3, reg-
ulator of matrix remodeling and involved in cell migration 
and enhanced collagen affi nity, was expressed at very low 
level in control MSCs, but were both upregulated to as high 
as 8.85-fold by Nanog and to 12.66-fold by Oct4. GCH1, the 
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Oct4 also included MMP1, MMP12, and TFPI2. In cell prolif-
eration genes, besides common genes CXCL2 by Nanog and 
Oct4, cell proliferation genes by Nanog included TACSTD2, 
PRL, TGFB2, KITLG, PDCD1LG1, IL6, MAPRE2, and FZD3. 
Cell proliferation genes upregulated by Oct4 included ChGn, 
IL11, NDP, INSIG1, PGF, EDNRA, ISG20, and VEGF. In genes 
related to extracellular matrix structural constituent, hyper-
trophic marker collagen type X was upregulated by Oct4 to 
2.8-fold. TFPI2, involved in inhibition of matrix degradation 
[33], was upregulated by Oct4 to 3.12-fold. Collagen type 27A1 
was upregulated by Oct4 to 1.9-fold (Supplementary Tables 4 
and 5). Among statistically signifi cant overrepresented cate-
gories, receptor, signaling molecule and cell adhesion mole-
cule were highly overrepresented in unregulated targets of 
Nanog whereas transcription factor, signaling molecule and 
extracellular matrix were highly overrepresented in unreg-
ulated targets of Oct4 (Supplementary Table 6). The upregu-
lation of cell proliferation and matrix extracellular related 
genes might be related to their effects in promoted cell prolif-
eration and improved chondrogenetic differentiation poten-
tial of MSCs.

Discussion

Mesenchymal stem cells (MSCs) provide an excellent 
source of pluripotent progenitor cells for tissue-engineering 
applications due to their proliferation capacity and differen-
tiation potential. Genetic modifi cation of MSCs with genes 
encoding for tissue-specifi c growth factors and cytokines can 

only gene currently known to be associated with GTPCH1-
defi cient dopa-responsive dystonia (DRD) [26–27], was 
commonly upregulated to 3.72-fold by Oct4 and 2.11-fold by 
Nanog. Interestingly, KIAA1576, one of the 25 most positively 
signifi cant genes in human ESCs defi ned by SAM  [28] was 
upregulated to 7.2-fold by Nanog compared with no insert 
control and compared to control-differentiated cells by 
12.38-fold. TM4SF4, involved in X-linked mental retardation 
[29] was also upregulated to 6.2-fold by Nanog. PTGS1, which 
plays an important role in regulating or promoting cell pro-
liferation in some normal and neoplastically transformed 
cells [30–31], was specially upregulated to 5.1-fold by Oct4. 
Chondrogenic hytrophic marker COL10A1 [32] was upreg-
ulated by both Oct4 and Nanog in MSCs, compared with 
Nanog, expression of COL10A1 was upregulated higher by 
Oct4 than by Nanog.

Among matrix extracellular genes, matrix extracellu-
lar genes upregulated by Nanog included MMP3, MMP11, 
MFAP3, GPC3, SPP1, TIMP3, and EMILIN2. Compared to 
matrix extracellular genes regulated by Nanog, besides com-
mon gene MMP3, matrix extracellular genes upregulated by 
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ferent patients.
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FIG. 4. Effect of Nanog and Oct4 overexpression on chon-
drogenesis of mesenchymal stem cells (MSCs) evaluated by 
QPCR, COL2A1 immunostaining, and Alcian blue stain com-
pared to no insert control (Dest) MSCs under chondrogenic 
medium at Day 28. (A) Transcriptional level of chondrogenic 
markers was upregulated by Nanog and Oct4 overexpres-
sion by quantitative real time PCR. Asterisks indicate a sig-
nifi cant difference compared to no insert control (t-test: P < 
0.05). (B) Immunostaining against COL2A1. (C) Alcian blue 
stain for cartilage specifi c proteoglycan. These data showing 
Nanog and Oct4 overexpression improved chondrogenesis 
of MSCs by stain.
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of MSCs, Nanog slowed down adipogenesis whereas Oct4 
improved adipogenesis, suggesting that Nanog and Oct4 
functioned in adipogenesis of MSCs in a different manner. 
During development, although both Nanog and Oct4 are 
required for the maintenance of pluripotency, Nanog func-
tion is required at a later point than the initial requirement 
for Oct4, showing a difference between Nanog and Oct4. In 
chondrogenesis, our fi ndings showed that Nanog and Oct4 
both improved chondrogenesis, which may have resulted 
from maintenance of stemness of MSCs by Nanog or Oct4 
overexpression. These results suggest that Oct4 could be a 
useful transcription factor to engineer high quality MSCs.

Genome-wide gene expression profi les provide help in 
understanding the molecular and genetic basis underlying 
effects or function of Nanog and Oct4 in MSCs. It was shown 
that Nanog regulated a unique set of genes in different cell 
lines [14], suggesting targets of Nanog were accessible in a 
tissue specifi c manner. There are many differences in tar-
gets of Nanog or Oct4 between MSC and ESCs explained 
in part by the different epigenetic status between the two 
types of cells. In ESCs where the genome tends to be hypo-
methylated, the chromatin is accessible for Nanog or Oct4 to 
occupy their target sites in many promoters [25]. Methylation 
and other chromatin modifi cations occurring during devel-
opment lead to blocking of the accessibility of promoters in 
genes that will not be accessible for Nanog or Oct4 regula-
tion. In our study, it was striking that similar target genes 
were reproducibly up- or down-regulated by Nanog or Oct4 
in MSCs derived from two different individuals. In addition, 
there is clearly a subset of genes in MSCs that are commonly 
responsive to Nanog and Oct4 overexpression, such as 
MMP3. Nanog and Oct4 targets in MSCs by microarray also 
showed many differences between Nanog and Oct4, which 
may be responsible for their different effects on differentia-
tions of MSCs.

The data in this study also raised the pertinent issue 
of how and why the genome of a specifi c cell type (in this 
instance MSCs) responds to the enforced ectopic expres-
sion of transcriptional factors (in this instance Nanog and 
Oct4) that are normally not expressed. We observed clearly 
Nanog- or Oct4-responsive genes in MSCs indicating that 
some degree of promiscuous transcriptional activation by 
the same transcriptional factor in different cell types existed. 
More importantly, we showed here that genes bound and 
activated by Nanog and Oct4 in ESCs can also be activated, 
therefore presumably bound, by Nanog and Oct4.

Recently, it has been shown that the introduction of 
defi ned factors into human somatic cells resulted in genera-
tion of induced pluripotent stem (iPS) cells similar to hESCs 
in morphology, proliferation, surface antigens, gene expres-
sion, epigenetic status of pluripotent cell-specifi c genes, 
and telomerase activity [43,44]. Thus Oct4, Sox2 and Nanog 
are key reprogramming factors for human ESCs. However, 
introduction of single Nanog or Oct4 did not generate iPS 
cells from mouse fi broblast [45]. This was consistent with 
our data in human MSCs. In addition, no synergistic effects 
of combination of Nanog and Oct4 in MSCs were observed 
(data not shown). However, our data showed that single 
Nanog or Oct4 overexpression in human MSCs promoted 
cell proliferation and enhanced colony formation of MSCs, 
suggesting Nanog or Oct4 overexpression maintained stem-
ness of MSCs. Knowledge gained through these study sys-
tems may shed more light on the kinetics and mechanism of 

induce and maintain lineage-specifi c differentiation. It was 
shown that lentiviral and retroviral gene delivery resulted 
in long-term transgene expression to effectively genetically 
modify MSCs [34–35] which provided an effi cient tool for ex 
vivo modifi cation of MSC that does not interfere with differ-
entiation [36–37]. In addition, lentiviral vectors will enable 
rapid analysis of gene function in MSCs and permit the gen-
eration of knock-in / knock-out models of human disease in 
the rapidly developing fi eld of gene therapy. In this study, 
by lentiviral system human Nanog or Oct4 was stably and 
effi ciently transduced into human MSCs.

Nanog and Oct4 are transcription factors required to 
maintain the pluripotency and self-renewal of ESCs. The plu-
ripotent cell-specifi c gene Nanog is required for maintaining 
the undifferentiated state and self-renewal of stem cells [8–9]. 
In ESCs, knockout or knockdown of Nanog abolishes both 
self-renewal and pluripotency and results in differentiation 
to extraembryonic endoderm whereas Nanog overexpression 
enables their propagation for multiple passages during which 
the cells remain pluripotent. Nanog overexpressing cells form 
colonies effi ciently even at a very low density and acquire 
expression of a marker specifi c to the primitive ectoderm 
(the consecutive pluripotent population in the embryo) [11]. 
Ectopic expression of Nanog increased growth rate of MSCs 
[12] and NIH3T3 [13–14]. Our data showed that ectopic expres-
sion of Nanog promoted cell proliferation and enhanced col-
ony formation of MSCs, suggesting Nanog ovexexpression 
maintained stemness of MSCs and might function in a simi-
lar fashion in progenitor MSCs as in ESCs.

Oct4, a POU domain-containing transcription factor 
encoded by Pou5f1, is expressed in totipotent ESCs and 
germ cells, and has a unique role in development and in the 
determination of pluripotency. The absence of Oct4 in vivo 
and vitro reverts ESCs to the trophoblast lineage. Increasing 
the expression of Oct4 above the endogenous levels in ESCs 
leads to differentiation toward the extraembryonic meso-
derm lineage [18]. It was shown that Oct4-expressing MSCs 
displayed high proliferative capacity [24] whereas Oct4 
knockdown signifi cantly lowered growth rates of MSCs [38]. 
Studies by Hochedlinger et al. [39] showed that only pro-
genitor cells responded to ectopic expression of Oct4 with 
increased proliferation. Conversely, ectopic expression of 
Oct4 in differentiated fi broblasts had adverse effects on cell 
proliferation and resulted in a 2-fold reduction in cell prolif-
eration of fi broblast, showing that Oct4 overexpression had 
converse effects on proliferation of progenitor cells and dif-
ferentiated cells. In addition, Oct4 overexpression expanded 
the proportion of immature cells in teratomas [40] as well 
as neural-cell populations derived from ESCs [41]. In agree-
ment with the fi ndings that Oct4 increased progenitor and/
or stem cells rather than differentiated cells, our fi ndings 
demonstrated that Oct4 overexpression promoted prolif-
erative rate and enhanced colony formation of MSCs, sug-
gesting Oct4 ovexexpression played a role in maintaining 
stemness of MSCs. Thus, the specifi c effects of Oct4 over-
expression on adult MSCs may refl ect similarities between 
ESCs and adult stem cells. However, the presence of Oct4 
in adult human peripheral blood mononuclear cells, geneti-
cally stable and mainly terminally differentiated cells with 
well defi ned functions and a limited lifespan challenges its 
role as a pure stem cell marker [42].

Very interestingly, our fi ndings showed Nanog and 
Oct4 overexpression had different effects on adipogenesis 
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stem cells maintains their expansion and differentiation capa-

bilities. Exp Cell Res 314:1147–1154.

13.  Zhang J, X Wang, B Chen, G Suo, Y Zhao, Z Duan and J Dai. 

(2005). Expression of Nanog gene promotes NIH3T3 cell prolif-

eration. Biochem Biophys Res Commun 338:1098–1102.

14.  Piestun D, BS Kochupurakkal, J Jacob-Hirsch, S Zeligson, M 

Koudritsky, E Domany, N Amariglio, G Rechavi and D Givol. 

(2006). Nanog transforms NIH3T3 cells and targets cell-type 

restricted genes. Biochem Biophys Res Commun 343:279–285.

15.  Pesce M and HR Scholer. (2001). Oct-4: gatekeeper in the begin-

nings of mammalian development. Stem Cells 19:271–278.

16.  Palmieri SL, W Peter, H Hess, HR Schöler. (1994). Oct-4 tran-

scription factor is differentially expressed in the mouse 

embryos during establishment of the fi rst two extraembryonic 

cell lineages involved in implantation. Dev Biol 166:259–267.

17.  Reim G and M Brand. (2002). Spiel-ohne-grenzen/pou2 medi-

ates regional competence to respond to Fgf8 during zebrafi sh 

early neural development. Development 129:917–933.

18.  Niwa H, J Miyazaki, AG Smith. (2000). Quantitative expression 

of Oct-3/4 defi nes differentiation, dedifferentiation, or self-

renewal of ES cells. Nat Genet 24:372–376.

19.  Nichols J, B Zevnik, K Anastassiadis, H Niwa, D Klewe-

Nebenius, I Chambers, H Schöler and A Smith. (1998). Formation 

of pluripotent stem cells in the mammalian embryo depends on 

the POU transcription factor Oct4. Cell 95:379–391.

20.  Shimazaki T, H Okazawa, H Fujii, M Ikeda, K Tamai, RD McKay, 

M Muramatsu and H Hamada. (1993). Hybrid cell extinction 

and re-expression of Oct-3 function correlates with differenti-

ation potential. EMBO J 12:4489–4498.

21.  Sekiya I, JT Vuoristo, BL Larson and DJ Prockop. (2002). In vitro 

cartilage formation by human adult stem cells from bone mar-

row stroma defi nes the sequence of cellular and molecular events 

during chondrogenesis. Proc Natl Acad Sci USA 99:4397–4402.

22.  Johnstone B, TM Hering, AI Caplan, VM Goldberg and JU Yoo. 

(1998). In vitro chondrogenesis of bone marrow-derived mesen-

chymal progenitor cells. Exp Cell Res 238(1):265–272.

23.  Tai MH, CC Chang, M Kiupel, JD Webster, LK Olson and JE 

Trosko. (2005). Oct4 expression in adult human stem cells: 

evidence in support of the stem cell theory of carcinogenesis. 

Carcinogenesis 26(2):495–502.

24.  Tondreau T, N Meuleman, A Delforge, M Dejeneffe, R Leroy, M 

Massy, C Mortier, D Bron and L Lagneaux. (2005). Mesenchymal 

stem cells derived from CD133-positive cells in mobilized 

peripheral blood and cord blood: proliferation, Oct4 expression, 

and plasticity. Stem Cells 23:1105–1112.

25.  Boyer LA, TI Lee, MF Cole, SE Johnstone, SS Levine, JP Zucker, 

MG Guenther, RM Kumar, HL Murray, RG Jenner, DK Gifford, 

DA Melton, R Jaenisch and RA Young. (2005). Core transcrip-

tional regulatory circuitry in human embryonic stem cells. Cell 

23:122:947–956.

26.  Ichinose H, T Ohye, E Takahashi, N Seki, T Hori, M Segawa, Y 

Nomura, K Endo, H Tanaka, S Tsuji, Fujita K, and T Nagatsu. 

(1994). Hereditary progressive dystonia with marked diurnal 

fl uctuation caused by mutations the GTP cyclohydrolase I gene. 

Nat Genet 8:236–242.

27.  Furukawa Y. (2004). Update on dopa-responsive dystonia: locus 

heterogeneity and biochemical features. Adv Neurol 94:127–138.

28.  Sperger JM, X Chen, JS Draper, JE Antosiewicz, CH Chon, SB 

Jones, JD Brooks, PW Andrews, PO Brown and JA Thomson. 

(2003). Gene expression patterns in human embryonic stem 

cells and human pluripotent germ cell tumors. Proc Natl Acad 

Sci USA 100:13350–13355.

29.  Zemni R, T Bienvenu, MC Vinet, A Sefi ani, A Carrié, P Billuart, 

N McDonell, P Couvert, F Francis, P Chafey, F Fauchereau, G 

Friocourt, V des Portes, A Cardona, S Frints, A Meindl, O Brandau, 

N Ronce, C Moraine, H van Bokhoven, HH Ropers, R Sudbrak, 

A Kahn, JP Fryns, C Beldjord and J Chelly. (2000). A new gene 

involved in X-linked mental retardation identifi ed by analysis of 

an X; 2 balanced translocation. Nat Genet 24(2):167–170.

reprogramming. The study also demonstrates the possible 
use of stemness-related genes to engineer high quality MSCs 
for the treatment of cartilage injury and physeal (growth 
plate) defects in orthopedics and other clinical applications.
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