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Abstract Recently, differentiated somatic cells had been

reprogrammed to pluripotential state in vitro, and various

tissue cells had been elicited from those cells. Epigenetic

modifications allow differentiated cells to perpetuate the

molecular memory needed for the cells to retain their

identity. DNA methylation and histone deacetylation are

important patterns involved in epigenetic modification,

which take critical roles in regulating DNA expression. In

this study, we dedifferentiated NIH/3T3 fibroblasts by

5-aza-2-deoxycytidine (5-aza-dC) and Trichstatin A (TSA)

combination, and detected gene expression pattern, DNA

methylation level, and differentiation potential of repro-

grammed cells. As the results, embryonic marker Sox2,

klf4, c-Myc and Oct4 were expressed in reprogrammed

NIH/3T3 fibroblasts. Total DNA methylation level was

significant decreased after the treatment. Moreover, expo-

sure of the reprogrammed cells to all trans-retinoic acid

(RA) medium elicited the generation of neuronal class IIIb-

tubulin-positive, neuron-specific enolase (NSE)-positive,

nestin-positive, and neurofilament light chain (NF-L)-

positive neural-like cells.
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Introduction

Because of the ability to grow indefinitely and differen-

tiate into cells of all three germ layers, human embryonic

stem (ES) cells might be used to treat a host of diseases,

such as Parkinson’s disease, spinal cord injury and dia-

betes etc. [1, 2]. However, there are ethical difficulties

regarding the use of human embryos, as well as the

problem of tissue rejection following transplantation in

patients. One way to circumvent these issues is to gen-

erate pluripotential cells directly from the patients’ own

cells.

Nuclear transfers, cellular fusion, the use of cell-free

extracts and culture-induced reprogramming have been

used to converse a differentiated cell into a pluripotent

state. However, these processes are complex and difficult

to repeat [3–5].

Recently, exalting progress has been achieved in induced

pluripotent stem cells (iPS). Four transcription factors, Oct

4, Sox 2, Klf 4, and c-Myc, which were transfected into

mouse or human fibroblast cells producing embryonic plu-

ripotential state cells, and sharing almost all of the ES

characteristics [6–8]. Furthermore, a humanized sickle cell

anemia mouse model has been rescued after transplantation

with hematopoietic progenitors obtained in vitro from

autologous iPS cells [9]. However, the use of retroviral

vectors for gene delivery which carry the risk of insertional

mutagenesis, and using of oncogenes for reprogramming

may lead to teratomas formation. These problems need to be

resolved before iPS cells can be considered for clinical

application.
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To alter the phenotype of cells in a rational way,

molecular parameters that distinguish these different cell

types must be modified. Epigenetic regulation of gene

expression is recognized as a key mechanism governing

cell determination, commitment, differentiation and main-

tenance of those states as well [10, 11]. DNA methylation

and histone deacetylation are the main components of an

epigenetic program. Disturbances of any of these compo-

nents may shift the balance between an active and silent

chromatin conformation, resulting in an altered transcrip-

tional state [12–14]. Pharmacological agents that interfere

with this system active expression of many genes, includ-

ing those required for maintenance of pluripotent or

multipotent state of the cells [15–18].

In this study, we induced expression of embryonic

marker, Sox2, klf4, c-Myc, and Oct4 in reprogrammed

NIH/3T3 fibroblasts through using pharmacological epi-

genetic modifiers. By cultured in neural environment with

RA supplement, we were able to generate the neuronal

class IIIb-tubulin-positive, NSE-positive, nestin-positive,

and NF-L-positive neural-like cells from these repro-

grammed fibroblasts.

Materials and methods

Reagents, cell culture

All reagents were purchased from Sigma Chemical Co.

unless stated otherwise. NIH/3T3 cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM, Hyclone)

supplemented with 10% Newborn Calf Serum (Invitrogen).

Exposing NIH/3T3 Cells to epigenetic modifiers such as

5-aza-20-deoxycytidine(5-aza-dc) and Trichostatin A(TSA)-

Prior to treatment with 5-aza-dc (DNA methylation inhibi-

tor), NIH/3T3 cells were pre-cultured for 24 h and then

cultured for 3 days in embryonic stem cell maintenance

medium (ESCmm, 15% fetal bovine serum(Invitrogen),

1 mM sodium pyruvate, 100 lg ml-1/100 lg ml-1 Peni-

cilline G/Streptomycin, 20 ng/ml leukemia inhibitory factor

(LIF), high glucose DMEM (Hyclone), 2 mM glutamine,

0.1 mM non-essential amino acids),which containing 0,

0.01, or 5 lM 5-aza-dc. For treatment with TSA (inhibitor of

histone deacetylasel), NIH/3T3 cells were incubated for

24 h in ESCmm with 5-aza-dc and then exposed to 0.08 or

0.4 lM TSA with or without 0.01 or 5 lm 5-aza-dc for 72 h.

Analysis of Oct4, Sox2, c-Myc, and Klf4 expression

by real-time RT-PCR

Total RNA was prepared with TRIzol reagent (Invitrogen).

The mixture of total RNA was converted into first-strand

cDNA synthesis using an RT-PCR kit (AMV, TaKaRa).

Real-time PCR was performed with Power SYBR� Green

PCR master mix (ABI) according to manufacturer’s

instructions. Signals were detected with an ABI 7500 Real-

time PCR system (Applied Biosystems). Primer sequences

are listed in Table 1.

Quantification of total levels of cellular DNA

methylation by flow cytometry

The levels of total cellular DNA methylation were quan-

tified by flow cytometry through measuring the fluorescent

levels of cells after incubation in anti-5-methyl cytosine

(Abcam) primary antibodies (whose specificity toward the

methyl group on carbon 5 of the pyrimidine ring) and

fluorescent-conjugated secondary antibodies. The proce-

dures for flow cytometry were followed as described in

references [18, 19].

Neural induction and immunocytochemistry

NIH/3T3 cells grown in neural cell medium (NCm) (15%

fetal bovine serum (Invitrogen), 100 lg/ml penicillin G,

100 lg/ml streptomycin, 10 ng/ml leukemia inhibitory

factor (LIF), low-glucose DMEM/F12 (Hyclone), 2% B27,

1% N2, 20 ng/ml bFGF, 20 ng/ml EGF) in the presence of

epigenetic modifiers (5 lM 5-aza-dc, 0.4 lM TSA) were

replated on PO/L-coated glass coverslips and exposed to

5 lM RA in the same NCm. After 3 days, the samples

were fixed for immunocytochemical studies.

For immunocytochemistry, cells were permeabilized

(30 min with 0.1% Triton X-100 in PBS and 20 min with

2% BSA) and incubated for 1 h with one of the following

primary antibodies monoclonal anti-nestin (SantaCruz),

monoclonal anti- neuronal class IIIb-tubulin (SantaCruz),

monocloned anti-neurofilament light chain (NF-L) and a

Table 1 Primer sequences for Oct4, Sox2, c-Myc, and Klf4

Gene Primer sequences

Oct4-F 50-GTGTGAGTGGAGTCTG-30

Oct4-R 50-AGCCTCATACCTTCTCG-30

Sox2-F 50-CAACAGAAGAACAGCC-30

Sox2-R 50-CGCTTCTCGGTCCGG-30

c-Myc-F 50-TCAGAGAGGAACGAGC-30

c-Myc-R 50-GCTCGTCTGCTGAATG-30

Klf4-F 50-CCGAGAACTGCTGAAC-30

Klf4-R 50-GGTGTGCCTGAGATGA-30

Gapdh-F 50-AAGAAGTGGTGAAGCAGGC-30

Gapdh-R 50-TCCACCACCCGGTGCTGTA-30
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polyclonal anti-NSE antibody (Santa Cruz). Immunoreac-

tive cells were visualized using fluorescence-conjugated

(FITC) goat anti-rabbit/mouse IgG.

Results

Ectopic expression of Oct4, Sox2, KIf4, and c-Myc

after 5-aza-dc and TSA treatment

These four transcription factors were not detected in NIH/

3T3 cells, but expression of Sox2 and c-Myc was effec-

tively induced by treatment with 5-aza-dc in the presence

or absence of TSA. Klf4 expression was induced by

treatment with relatively high concentration (5 lM) of 5-

aza-dc in the presence or absence of TSA. Oct4 expression

was induced strictly with a combination of 5-aza-dc (0.01

or 5 lM) and TSA (0.08 or 0.4 lM; Fig. 1).

Total levels of cellular DNA methylation

In epigenetic modified NIH/3T3 cells, DNA is globally

hypomethylated compared to that of untreated cells. The

DNA methylation level was decreased by treatment with 5-

aza-dc alone, and the lower methylation lever was

presented when NIH/3T3 cells were treated with a com-

bination of 5-aza-dc (0.01 or 5 lM) and TSA (0.08 or

0.4 lM; Fig. 2).

Morphology and immunoreactivity of neural-like cells

derived from induced NIH/3T3 fibroblasts

NIH/3T3 cells grown in 6-well plastic dishes in ESCmm

containing 5 lM 5-aza-dc and 0.4 lM TSA for 3 days

were cultured in ESCmm containing 5 lM RA. Three days

later, neuronal class IIIb-tubulin, nestin, NF-L and NSE-

immunopositive clusters of cells with a circular or ovoid

shape were observed. NSE, neuronal class IIIb-tubulin,

nestin and NF-L immunostaining was visualized with a

green colour, and nuclei are shown in blue. Untreated NIH/

3T3 cells, and NIH/3T3 cells only treated with 5-aza-dc/

TSA or RA were NSE, neuronal class IIIb-tubulin, nestin

and NF-L negative, with fibroblastic morphology (Fig. 3).

Discussion

In the previous reports, Sox2, klf4, c-Myc and Oct4 are

restricted to totipotent and pluripotent cells [7, 8]. Cell

differentiation always associates with the demethylation

Fig. 1 Real-time RT-PCR analysis (n = 3 independent PCR reac-

tions; error bars indicate s.d.) of Oct4, Sox2, C-Myc and Klf4 with

untreated NIH/3T3 cells (1#), with NIH/3T3 cells treated with 5 lM

5-aza-dc (2#), with NIH/3T3 cells epigenetically modified by 5 lM 5-

aza-dc ? 0.4 lM TSA (3#), with 0.01 lM 5-aza-dc-treated NIH/3T3

cells (4#) and with NIH/3T3 cells treated with a mixture of 0.01 lM

5-aza-dc and 0.08 lM TSA (5#).Transcript levels were normalized to

Gapdh expression, with expression levels in NIH/3T3 fibroblasts set

as 1. Inhibition of DNA methylation by 5-aza-dc with or without

histone deacetylation by TSA elicited c-Myc expression in NIH/3T3

cells. Klf4 expression were induced by treatment with relatively high

concentration (5 lM) of 5-aza-dc with or without TSA. Combined

treatment of cells with 5-aza-dc (0.01 or 5 lM) and TSA (0.08 or 0.4

lM) could reactivate the expression of Oct4 and Sox2 mRNA
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and methylation of the genomic DNA to form the required

cell or tissue type [20, 21]. Inhibitor of DNA methylation

(5-aza-dc) and histone deacetylation (TSA) allowed NIH/

3T3 cells to express the Oct4 gene de novo, and the clear

link between Oct4 expression and epigenetic control by

DNA methylation and chromatin modification has been

verified [22]. Our findings suggested the Sox2, klf4, and

c-Myc may be other candidates for regulation via DNA

methylation. The link between these three factors’ expres-

sion and epigenetic modifiers requires further study.

It has been demonstrated that relatively high concen-

tration (1.25 or 5 lM) of TSA could induce global histone

hyperacetylation in G0/G1-and G2/M-stage cells but had

no effect on DNA methylation [18]. However, in our

experiments, TSA combining with DNA methylation

inhibitor, 5-aza-dc, promoted the decrease of DNA meth-

ylation. It might indicate that chromatin structure

modification by histone acetylation is also involved in the

epigenetic regulation of DNA methylation.

Neuron-specific enolase is one of three enolase isoen-

zymes found in mammals. This isoenzyme, a homodimer,

has a molecular weight of 78,000 Da. It is found in mature

neurons and cells of neuronal origin. A switch from alpha

enolase to gamma enolase occurs in rat and primate neural

tissue during development. Nestin, neuronal class IIIb-

tubulin and NF-L are intermediate filament protein expres-

sed in the developing nervous system and are markers

of neural stem/progenitor and stem cell populations

Fig. 2 Examples of wave plots obtained with untreated NIH/3T3

cells (a), with NIH/3T3 cells treated with 0.01 lM 5-aza-dc (b), with

NIH/3T3 cells epigenetic modified by 0.01 lM 5-aza-dc ? 0.08 lM

TSA (c), with 5 lM 5-aza-dctreated NIH/3T3 cells (d) and with a

mixture of 5 lM 5-aza-dc and 0.4 lM TSA treated NIH/3T3 cells (e).

All with anti-5-methyl cytosine antibodies. NIH/3T3 cells untreated,

treated, and labeled as describedunder Materials and methods. R2,

fluorescent-positive cells
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[23–25].Characteristic perinuclear patterns of NSE, neuro-

nal class IIIb-tubulin, nestin and NF-L expression were

observed extensively in cells cultured in neural culture

medium (NCm) containing 5 lM RA. This inducing

approach led to the derivation of neural-like cells from NIH/

3T3 fibroblasts.

Our data indicated that inhibitor of DNA methylation

(5-aza-dc) and histone deacetylation (TSA) could modify the

epigenetic state of somatic cells. This method avoids the risk

of converting genetic elements which may rise in retrovirus

transgenic iPS. Even though neural-like cells were induced

from our reprogrammed fibroblast, more researches, such as

other differentiation form those cells and mechanism of

chemical induced reprogramming are still needed.
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