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Reprogramming of somatic cells to pluripotency promises to boost cellular therapy. Most instances of direct
reprogramming have been achieved by forced expression of defined exogenous factors using multiple viral
vectors. The most used 4 transcription factors, octamer-binding transcription factor 4 (OCT4), (sex de-
termining region Y)-box 2 (SOX2), Kruppel-like factor 4 (KLF4), and v-myc myelocytomatosis viral oncogene
homolog (C-MYC), can induce pluripotency in mouse and human fibroblasts. Here, we report that forced
expression of a new combination of transcription factors (T-cell leukemia/lymphoma protein 1A [TCL-1A],
C-MYC, and SOX2) is sufficient to promote the reprogramming of human fibroblasts into pluripotent cells.
These 3-factor pluripotent cells are similar to human embryonic stem cells in morphology, in the ability to
differentiate into cells of the 3 embryonic layers, and at the level of global gene expression. Induced plurip-
otent human cells generated by a combination of other factors will be of great help for the understanding of
reprogramming pathways. This, in turn, will allow us to better control cell-fate and apply this knowledge to
cell therapy.

Introduction

Embryonic stem cells (ESCs), derived from the inner cell
mass of mammalian blastocysts, have the ability to in-

definitely grow in culture while maintaining pluripotency
[1,2]. These properties have led to expectations that human
ESCs (hESCs) will be useful to understand disease mecha-
nisms, to screen new drugs, and to treat patients with various
diseases and injuries [3]. Although ESCs are promising re-
sources for cell transplantation therapies, there are some im-
portant concerns related to ethical issues, safety, immune
compatibility, and availability that preclude their generalized
use. The development of induced pluripotent cells (iPS) from
differentiated somatic cells is an important step to overcome
some of these concerns.

iPS cells can be obtained from somatic adult cells repro-
grammed by the action of pluripotent inducer factors. The
pluripotency triggering of somatic cells has been achieved by
the introduction of 4 pluripotent-related genes, octamer-

binding transcription factor 4 (OCT4), (sex determining re-
gion Y)-box 2 (SOX2), Kruppel-like factor 4 (KLF4), and v-
myc myelocytomatosis viral oncogene homolog (C-MYC)
(OSKM) [4]. This result was confirmed and expanded in a
series of reports which established that mouse iPS cells are
similar to ESCs in morphology, expression of pluripotent
markers, ability to differentiate into cells of the 3 germ layers
in vitro and in vivo, to form germ-line competent chimeras
in vivo, and to generate viable, fertile live-born progeny by
tetraploid complementation [5–8] This technique was re-
produced with cells from other animal species and with
human cells [9–11]. In humans, reprogramming has been
achieved using different cells such as fibroblasts, mesen-
chymal cells, keratinocytes, liver cells, pancreatic b cells,
neural progenitors, and other cell types [9–16], proving that
the procedures were reproducible and able to generate plu-
ripotent cells derived either from normal individuals or from
patients. Although the original OSKM transcription factor set
has been the most commonly used method, iPS cells can be
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obtained using different combinations of those same tran-
scription factors with or without the aid of small molecules
[14,17–20], or using nanog homeobox (NANOG) and lin-28
homolog (C. elegans) (LIN28) in place of KLF4 and C-MYC
[21].

The completely reprogrammed iPS cells resemble ESCs in
their properties and potential to differentiate into a large
number of adult cell types [22–26]. However, the mecha-
nisms that lead to the complete reprogramming of somatic
cells are still not completely understood.

The fact that different combinations of transcription factors
can induce pluripotency suggests that different mechanisms
of induction exist. The specific contribution of each repro-
gramming factor and the most efficient combination of factors
to induce pluripotency remain unknown.

Based on the hypothesis that there are different combina-
tions of reprogramming factors able to generate iPS cells, in the
current study, we delivered a set of 6 genes related to plur-
ipotency (OCT4, SOX2, NANOG, T-cell leukemia=lymphoma
protein 1A [TCL-1A], C-MYC and b-CATENIN) to a population
of adult human dermal fibroblasts (HDFs) to generate iPS cells
which are comparable to hESCs with improved efficiency. We
showed that a new combination of 3 transcription factors
(SOX2, TCL-1A, and C-MYC) can successfully reprogram hu-
man skin fibroblasts to pluripotent reprogrammed cells.

Materials and Methods

Cell culture

The fibroblast line human fibroblast from ATCC
(CCD27SK) (ATCC CRL1475) was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum (FBS) and 0.5% penicillin and streptomycin (In-
vitrogen). 293T cells were maintained in DMEM containing
10% FBS, 2 mM L-glutamine (Invitrogen), and 0.5% penicillin
and streptomycin. ESCs and reprogrammed cells TCL1,
SOX2, and C-MYC (TSM) were cultured in 6-well plates
coated with 0.3 mg=mL Matrigel� hESC-Qualified Matrix
(BD Biosciences). Unbound Matrigel was aspirated off and
washed out with DMEM=F12. Embryonic or TSM cells were
seeded onto Matrigel-coated plates in ESC medium
(mTeSR�; WiCell). The medium was changed daily.

Plasmid construction

The 6 transcription factors were amplified by pyrococcus
furiosus DNA polymerase chain reaction (PCR) of cDNA
from hESCs. The open reading frame of human NANOG
(NM_024865.1), SOX2 (NM_003106.2), OCT4 (NM_002701.3),
TCL-1A (NM_021966.1), b-CATENIN (NM_001904.2), KLF4
(NM_004235.3), and C-MYC (NM_002467) was cloned into
pCR2.1-TOPO (Invitrogen). The fragments were removed
from pCR2.1-TOPO by SmaI=XhoI digestion and subcloned
into the SmaI=XhoI site of pLenti-cPPT-CIGWS. This is a
replication-defective self-inactivating human immunodefi-
ciency virus-1-derived vector, which is a bicistronic vector
coding for enhanced green fluorescent protein (EGFP); and
additionally, it contains the central polypurine tract and the
central termination sequence (cPPT=CTS) from human im-
munodeficiency virus-1 that was inserted 50 from the internal
cytomegalovirus (CMV) promoter [27]. All the cloned frag-
ments were verified by sequencing.

Lentiviral production

Vector DNA was introduced into 293T cells by a triple co-
transfection with the packaging construct pCMVDR8.91
[28,29] and the pseudotyping construct pMD2.VSVG, which
codes for vesicular stomatitis virus glycoprotein G [30,31].
Transfection of monolayers with the DNA mixture was done
by calcium phosphate coprecipitation. Sixteen hours after
transfection, the supernatants were replaced with fresh me-
dium, and cells were incubated for an additional 48 h. Culture
supernatants containing pseudovirions were then collected,
and the virus preparations were snap frozen and stored at
�808C. At this temperature, the titers remain stable for at least
2 months. Virus titers were determined as follows: 293T cells
were seeded onto a 24-well plate at a concentration of 5�104

cells per well. Twenty-four hours later, 293T monolayers were
transduced with serial dilutions of the viral concentrates
supplemented with 1mg=mL Polybrene (Sigma-Aldrich).
After 72 h of incubation, the cells were harvested using tryp-
sin-ethylenediaminetetraacetic acid and counted, and the
transduced cells were detected by expression of EGFP using
fluorescence-activated cell sorting (FACS) on a FACSCalibur
flow cytometer (BD Biosciences). Titers were expressed as
293T-transducing units per milliliter.

Lentiviral infection and TSM generation

Human fibroblasts were seeded at 2�104 cells per 100-mm
dish 1 day before transduction. The virus-containing super-
natants were filtered through a 0.45 mm pore-size filter. Equal
amounts of supernatants containing each of the 6 lentiviruses
(Multiplicity of Infection [MOI] 10) were mixed, transferred to
the fibroblast dish, and incubated overnight. Twelve hours
after transduction, the virus-containing medium was replaced
with DMEM 10% FBS. Six days after transduction, fibroblasts
were harvested by trypsinization and replated at 1�104 cells
per 6-well plate previously coated with Matrigel and ES
medium supplemented with valproic acid (20 mM; Sigma-
Aldrich). The medium was changed every day. Eleven days
after transduction, colonies were selected and picked up,
mechanically dissociated to small clumps by pipetting up and
down, and re-plated onto a new 6-well plate to expand.

Detection of the lentiviral vector
into the CCD27SK cells

To detect the lentiviral vectors integrated into the cell, we
used specific primers for each lentiviral construction. The
Genomic DNA was extracted from TSM reprogrammed cells
using a DNeasy Tissue kit (Qiagen) according to the manu-
facturer’s instructions. The PCR profile was 948C for 2 min
followed by 948C for 40 s, 558C for 40 s, and 728C for 2.5 min
for 35 cycles, with a final extension stage at 728C for 5 min.
The PCR products were then separated by 1% agarose gel
electrophoresis and analyzed.

RNA isolation and reverse transcription

Total RNA was purified with Trizol reagent (Invitrogen)
and treated with the Turbo DNA-free kit (Ambion) to re-
move genomic DNA contamination. One microgram of total
RNA was used for reverse transcription reaction using the
High Capacity cDNA Reverse Transcription Kit (Applied
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Biosystems) according to the manufacturer’s instructions.
Quantitative PCR was performed by TaqMan (Invitrogen)
and analyzed with the 7300 real-time PCR system (Applied
Biosystems). Gene expression was normalized relative to that
from the endogenous gene glyceraldehyde 3-phophate de-
hydrogenase.

Immunocytochemistry assay

Reprogrammed cells and CCD27SK cells (negative con-
trol) were fixed in 4% paraformaldehyde (Merck) for 20 min
at room temperature, washed thrice with phosphate-
buffered saline, and then permeabilized with 0.2% Triton
X-100 (Sigma-Aldrich) for 1 h at room temperature. The cells
were blocked for 1 h with 5% bovine serum albumin and 2%
goat serum in phosphate-buffered saline solution. Samples
were incubated overnight at 48C with primary antibodies
against anti-stage-specific embryonic antigen 4 (SSEA4)
(Stem Cell Technologies), tumor-related antigen (TRA-1-60;
Chemicon), TRA-1-81 (Chemicon), OCT4 (Chemicon),
NESTIN (Chemicon), b TUBULIN III, glial fibrillary acidic
protein (GFAP) (BD Pharmingen), a-1 FETOPROTEIN
(DAKO), CYTOKERATIN 18 (DAKO), and a-SMOOTH
MUSCLE ACTIN (a-SMA) (Sigma-Aldrich) at room temper-
ature overnight. The secondary antibodies used were Alexa-
Fluor 594 rabbit antibodies (A-21207; Molecular Probes,
Invitrogen) and AlexaFluor 594 mouse antibodies (A-21203;
Molecular Probes, Invitrogen). The nucleus was stained with
40,6-diamidino-2-phenylindole (VYSIS). Cells were visualized
using a confocal laser scanning microscope (LSM 710; Carl
Zeiss) with objective lens�63 in oil immersion, having a
numerical aperture of 1.4. An Argon laser of 590 nm was used
to excite the surface marked with primary antibodies, and the
emission was measured at 617 nm. Fluorescence of eGFP was
excited with an Argon laser at 488 nm, and the emission was
measured at 525 nm. Visualization of the light scattering
for each of the excitation wavelengths was recorded in mul-
titracking mode using separate detection channels. Image
analysis and co-
localization studies were carried out using the ZEN 2008
systems confocal software (ZEN, version 2.5). Control and test
images were captured using identical settings.

In vitro differentiation of human reprogrammed cells

For spontaneous differentiation through embryoid body
(EB) formation, human TSM reprogrammed cells were har-
vested by collagenase IV treatment. The cell clumps were
transferred to a 0.6% agarose-coated dish in DMEM=F12 con-
taining 20% FBS, nonessential amino acids, b-mercaptoethanol,
L-glutamine, and penicillin=streptomycin. After 8 days in
suspension culture, EBs were transferred to gelatin-coated
plates (0.2%) and cultured in the same medium for 8 additional
days.

Flow cytometry

The immunophenotypic characterization was performed by
flow cytometry using the following monoclonal antibodies:
CD45-fluorescein isothiocyanate, CD31-fluorescein iso-
thiocyanate, CD90-phycoeritrin (PE), CD13-PE, and AC-133-
PE (Pharmingen). Cells were incubated with the antibodies
following the manufacturer’s instructions. Nonspecific im-

munoglobulin G of the corresponding class served as the
negative control. Cell suspensions were analyzed on FACSort
flow cytometer (Becton-Dickinson) using CellQuest software.

Whole genome microarray experiments

Gene expression profiling was performed with the ‘‘Whole
Human Genome Oligo Microarray Kit’’ (Agilent, G4112F)
containing 41,000 probes. After DNase treatment and puri-
fication with the RNeasy kit (Qiagen), total RNA quality and
concentration were assessed by agarose gel electrophoresis
and spectrophotometry, using a NanoDrop 1000 instrument
(NanoDrop). Target synthesis and hybridizations were per-
formed with the ‘‘Quick Amp Labeling Kit, one-color’’ kit
(Agilent, 5190-0442), following the manufacturers protocol.
Briefly, 1mg of the total RNA from each studied sample
(CCD27SK fibroblasts and derived TSM reprogrammed
cells) was mixed with a control RNA (‘‘One Color RNA
Spike-In Kit,’’ Agilent, 5188-5282) and reverse transcribed
using T7 oligo (dT) primers, followed by synthesis of the
second complementary DNA (cDNA) strand and purifica-
tion of double-strand cDNA with QIA quick columns
(Qiagen). Cy3-labeled cRNA was then generated by an in
vitro transcription reaction using T7 RNA polymerase and
cyanine 3-cytosine triphosphate (CTP), and labeling
efficiency was measured using a NanoDrop 1000 spectro-
photometer. The cRNA was purified on RNeasy column, and
10mg were fragmented and hybridized to microarrays
overnight (17 h at 658C and 4 rpm) in SureHyb cham-
bers placed in a rotator oven incubator (Agilent, G2534A,
G2530-60029 and G2545A), using the ‘‘Gene Expression
Hybridization Kit’’ (Agilent, 5188-5242). After the post-
hybridization washes (‘‘Wash Buffers 1 and 2 Kit,’’ Agilent,
5188-5327), arrays were dried and analyzed.

Data analysis

After processing, microarray slides were scanned at 535 nm
and 5mm=pixel resolution using a GenePix 4000B scanner and
the ‘‘GenePix Pro 6.0’’ software (Molecular Devices). Images
were analyzed with the ‘‘Agilent Feature Extraction 8.5’’
software, and the extracted expression values were normal-
ized to the 75 percentile expression value of the whole array.
Data were exported to Microsoft Office Access for further
analysis.

The generated microarray expression data were compared
with profiles that used the same platform as used here
(Agilent 1 color Whole Genome) derived from 2 published
reports and downloaded from the gene expression omnibus
(GEO) database. The first data set consisted of the hESC lines
H9, BG03, and ES01 [32] corresponding to GEO accessions
GSM194390, GSM194391, and GSM194392, respectively. The
second data set consisted of a dermal fibroblast line and an
iPS cell line generated from it [33] and corresponded to GEO
accessions GSM242095 and GSM241846, respectively.

Nonsupervised hierarchical cluster analysis was performed
using the complete set of genes from the microarray and all
the transcriptomes mentioned above. The Cluster 3 software
was used to group the expression profiles by the average
linkage method using a similarity metric based on an un-
centered correlation coefficient [34]. Java TreeView was used
to generate and visualize the dendrogram [35].
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To further illustrate the shift toward an embryonic stem-
like transcriptome, we selected a set of ‘‘consensus hESC
signature genes’’ from genes showing a 2-fold up-regulation
on the TSM reprogrammed cells generated by our group
(as compared with CCD27SK fibroblasts) [10]. This set of
genes was used to generate a heatmap depicting their ex-
pression levels on the reprogrammed cells, on fibroblasts from
Takahashi’s and our work [33], and also on the hESC lines
characterized in Tesar’s work [32].

The complete microarray data were submitted to Array
Express and can be accessed at www.ebi.ac.uk=microarray-as=
aer=login (ArrayExpress account username: Reviewer_E-
MEXP-2422, password: 1256578647285; accession: E-MEXP-
2422).

Teratoma formation assays

Approximately 1�106 TSM reprogrammed cells were
subcutaneously injected into 6 NOD=SCID mice, and 2�104

cells were intra-ocularly injected into 2 NOD=SCID mice.
After 12 weeks, the mice were sacrificed, and tissues were
analyzed for tumor formation.

Results

Kinetics of TSM reprogrammed colony generation

Induction of iPS cells from human fibroblasts requires a
virus with high transduction efficiency [4]. We, therefore, op-
timized transduction methods in adult HDFs (CCD27SK) us-
ing a replication-deficient bicistronic lentiviral vector that
encodes for EGFP, under control of the CMV promoter
[27,30,36–38]. Transduction assays were done at MOI of 10 for
each vector. Figure 1-I illustrates the time line of the repro-
grammed generation using the 6 factors (SOX2, OCT4, NA-
NOG, TCL1A, b-CATENIN, C-MYC). Approximately 9 days
after reseeding the transduced cells on BD Matrigel, some
cells began to change their morphology, becoming spherical
cells with abundant cytoplasm (Fig. 1-II-C, D). In thirteen
days, some granulated colonies containing cells of different
morphology appeared (Fig. 1-II-E, F). Fifteen days later, the
colonies were large, with about 200–300 cells per colony
(Fig. 1-II-G, H). By day 17, we observed distinct colonies that
were flat and resembled hESC colonies (Fig. 1-II-I, J). From
4�104 fibroblasts, we observed 18–23 hESC-like colonies (data
from 2 independent experiments). At day 17, we picked hESC-
like colonies, mechanically disaggregated them into small
clumps without enzymatic digestion, and re-plated them onto
matrigel-coated plates with ESC media. The hES-like cells
expanded and formed tightly packed and flat colonies (Fig. 1-
II-I, J). The cells exhibited morphology similar to that of hESC,
characterized by large nuclei and scant cytoplasm (Fig. 1-II-I,
J). After the first passage, the cells still exhibited morphology
similar to that of hESC (Fig. 1-III-K–P).

To make sure that CCD27SK cells could be reprogrammed
with the classical combination of transcription factors de-
scribed by Takahashi and Yamanaka [4] (SOX2, OCT4, KLF4,
and C-MYC) we also transduced these cells with lentiviral
vector containing the transcription factors SOX2, OCT4, KLF4,
and C-MYC. The first iPS-like colonies appeared 26 days after
the OSKM transduction (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertonline
.com=scd).

Transcription factors integrated
in reprogrammed cells

To determine the combination of exogenous transcription
factors present in each isolated clone, we performed PCR
with lentiviral vector specific primers. Our results showed
that only the vectors containing TCL-1A, SOX2, and C-MYC
were present in all the 5 colonies analyzed (Fig. 2A). To en-
sure that only the combination of TCL-1A, SOX2, and
C-MYC was responsible for the generation of our repro-
grammed cells, we transduced a new batch of CCD27SK
fibroblasts with only these 3 factors. After 15–17 days of
transduction, we obtained a total of 13 new iPS-like colonies,
confirming our initial results (Fig. 2B). We confirmed the
presence of the 3 exogenous factors in all clones analyzed
(data not shown). We will refer to these 3-factor repro-
grammed cells as TSM reprogrammed cells. Transduction
with the individual factors TCL-1A, C-MYC, and SOX2 and
also with TCL-1A=SOX2, TCL-1A=C-MYC, and C-MYC=
SOX2 combinations was performed; but no colonies with
hESC morphology were observed, indicating that only the 3
factors together can generate iPS-like colonies.

Given that the lentiviral transgenes contain a GFP marker
co-transcribed with the reprogramming genes, transduced
cells were initially GFP positive; but as previously described
[39,40], we observed a decrease in GFP expression in the
successfully reprogrammed colonies after the first passage
(Fig. 2B), indicating that the expression of the exogenous
factors was down-regulated.

Pluripotency of TSM reprogrammed cells

The TSM reprogrammed cells express the surface embry-
onic antigens SSEA-4, TRA-1-60 and TRA-1-81 and OCT4 as
demonstrated by immunohistochemistry (Fig. 2C).

Further, we used quantitative real-time-PCR to demonstrate
that the TSM reprogrammed cells express the pluripotent genes
OCT4, SOX2, and NANOG at levels higher than those observed
in the parental CCD27SK fibroblasts but lower than those
found in hESC. C-MYC in TSM reprogrammed cells is ex-
pressed in higher levels than those in hESC and CCD27SK.
Interestingly, the levels of KLF4 were higher in CCD27SK than
those in the hESC samples, whereas TSM reprogrammed cells
showed an intermediary KLF4 expression level.

Our reprogrammed cells also showed a distinctive pattern
of surface marker expression by flow cytometry as demon-
strated in Fig. 2E. The TSM reprogrammed cells were negative
for the markers CD45, CD13, CD31, CD90, and AC133 and
positive for TRA-1-60, TRA-1-81, SSEA4, OCT4, and NANOG
(Fig. 2E). It is important to note that the original fibroblast
CCD27SK was positive for CD13 and CD90; whereas the re-
programmed cells were negative for these markers, showing
that the TSM reprogrammed cells had changed the expression
of some surface and intracellular markers.

Our reprogrammed cells have the ability to form EBs that
subsequently differentiate into cells of the 3 germ layers
(Fig. 3). Using immunofluorescence, we demonstrated the
presence in culture of TSM reprogrammed-derived ectodermal
cells that are positive for NESTIN, b-TUBULIN III, and GFAP;
endodermal cells positive for a-FETOPROTEIN; and meso-
dermal cells positive for a-SMA. Moreover, we observed some
cells weakly positive for CYTOKERATIN 18. We also analyzed
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the expression of the differentiation markers in CCD27SK cells.
Immunofluorescence analysis shows that CCD27SK is nega-
tive for the markers CYTOKERATIN 18, NESTIN, GFAP,
SSEA1, and SSEA3 and also shows a low level of a-FETO-
PROTEIN, a-SMA, B-tubulin III, and SSEA4 (Fig. 4A). We
performed flow cytometry analysis to quantify the expression
of these markers, and only a-SMA is significantly expressed in

CCD27SK (Fig. 4B). The cytometry results of our positive
control, hES H1, is shown in the Supplementary Fig. S2.

Transcriptome of the TSM reprogrammed cells

We analyzed the complete transcriptome of the original
CCD27SK fibroblasts and of the TSM reprogrammed cells by

FIG. 1. The TSM cells generated from adult human dermal fibroblast (CCDSK27). (I) Time schedule of TSM reprogrammed cell
generation. (II) Development of TSM cells (A) Morphology of CCDSK27, (B) Morphology of hESC colonies, (C, D) The first
changes in the morphology, 9 days after lentiviral transduction. (E, F) Colonies after 13 days of culture. (G, H) Colonies after 15
days of culture. (I, J) The formation of hESC-like colonies after 17 days of culture. (III) TSM cells culture after the first passage. (A,
C, E, G, I, K, M, O): phase contrast images. (D, F, H, J, L, N, P) Epifluorescence images of green fluorescent protein -positive cells
containing the lentiviral vectors. TSM, reprogrammed cells TCL1, SOX2, and C-MYC; hESC, human embryonic stem cells; DMEM,
Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; CCDSK27, human fibroblast from ATCC. Color images available
online at www.liebertonline.com=scd.
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microarray. The TSM cells profiles of gene expression were
compared with the profiles of hESC (H9, BG03, and H1),
with the profiles of the fibroblasts (HDF), and also with the
derived 4 factors iPSHDF cells generated by Takahashi et al.
[33] (Fig. 5).

We demonstrated by hierarchical cluster analysis that the
TSM reprogrammed cells clustered together with the iPSHDF

and the hESCs, whereas the fibroblasts (HDF and CCD27SK)
formed a separated cluster (Fig. 5).

Additionally, we identified in our microarray data the genes
that are considered by Lowry et al. [10] as ‘‘consensus hESC
signature genes,’’ which were expressed in TSM repro-
grammed cells at levels at least 2-fold higher than in CCD27SK.
We constructed a heatmap (Fig. 5) comparing data from all the
cells used in the cluster analyses. The heatmap clearly shows
that the TSM cells have an intermediate pattern of gene ex-
pression between the fibroblasts (HDF and CCD27SK) and the
cluster formed by the iPSHDF and the hESC.

FIG. 2. (A) Genomic DNA amplification of the TSM colony No. 1 for the detection of the integrated lentiviruses. (B) Gradual loss
of green fluorescent protein 19 days after transduction. (C) Immunocytochemistry for SSEA-4, TRA-1-60, TRA-1-81, OCT4. Nuclei
were stained with 40,6-diamidino-2-phenylindole (blue). (D) Quantitative real-time polymerase chain reaction assay for expression
of OCT4, SOX2, NANOG, and KLF4. Individual polymerase chain reaction assays were normalized against internal controls
(glyceraldehyde 3-phophate dehydrogenase) and plotted relative to the expression level in the parent fibroblast cell line (CCD27SK).
(E) Immunophenotyping of fibroblast CCD27SK and TSM. TRA, tumor-related antigen; FITC, fluorescein isothiocyanate; PE,
phycoeritrin; TCL1, T-cell leukemia/lymphoma protein 1A; SOX2, (sex determining region Y)-box 2; C-MYC, v-myc myelocy-
tomatosis viral oncogene homolog; SSEA-4, stage-specific embryonic antigen 4; OCT4, octamer-binding transcription factor 4;
NANOG, nanog homeobox; KLF4, Kruppel-like factor 4. Color images available online at www.liebertonline.com=scd.

‰

FIG. 3. Spontaneous differentiation through embryoid body formation (A). (B–G), In vitro differentiation experiments of
TSM cells reveal their potential to generate cell derivatives of all 3 primary germ cell layers. Immunofluorescence analyses
show expression of markers for nestin, b-tubulin III and GFAP (ectoderm), AFP, cytokeratin 18 (endoderm), a-SMA and
vimentin (mesoderm). AFP, alphafetoprotein; a-SMA, a-smooth muscle actin. DAPI, 40,6-diamidino-2-phenylindole; GFAP,
glial fibrillary acidic protein. Color images available online at www.liebertonline.com=scd.
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Discussion

We tested the hypothesis that the introduction of 6 plu-
ripotent genes into the same cell population could reveal
novel combinations of reprogramming factors able to repro-
gram cells. We found that the combined transcription factors
SOX2, TCL-1A, and C-MYC are sufficient to reprogram HDFs
into pluripotent cells. Although the generated reprogrammed
cells (TSM reprogrammed cells) are not identical to hESCs or
to iPS cells generated with the OKSM factors, they have a
hESC-like morphology, express common hESC cell markers,
and have a global gene expression profile similar to that from
hESCs. In addition, the TSM reprogrammed cells also have
the ability to differentiate into cells of the 3 embryonic germ
layers in vitro. The TSM reprogrammed cell clones robustly
proliferate and have been continuously cultured for 4 months.
We also show that the fibroblasts used here can be repro-

grammed with the classical transcription factors combination
(OSKM).

A series of recent studies reported that the forced expres-
sion of varied combinations of 6 genes (OCT4, SOX2, C-MYC,
NANOG, LIN28, and KLF4) is able to induce complete re-
programming of somatic cells to the pluripotent stem cell
state, similar to the potency of ESC [4,5,7,21,41–45]. It has also
been recently demonstrated that estrogen-related receptor
beta (ESRRB) combined with SOX2 and OCT4 is able to re-
program mouse fibroblasts [46]. These remarkable studies
demonstrate that the genetic program and epigenetic land-
scape of stem cells can be restored in differentiated cells. The
use of the combination of SOX2, C-MYC, and TCL-1A has also
the ability to induce pluripotency of somatic cells as demon-
strated here for the first time. However, the TSM repro-
grammed cells are not completely reprogrammed as indicated
by the global gene expression profile and by the apparent

FIG. 4. (A) Immunofluorescence analyses of CCD27SK and TSM cells with antibodies for AFP, a-SMA, b-tubulin III,
cytokeratin 18, nestin, GFAP, SSEA-1, SSEA-3, and SSEA-4. (B) Flow cytometry analysis of the markers a-SMA, b-tubulin III,
and AFP. Color images available online at www.liebertonline.com=scd.
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incapacity to generate teratomas in immunodeficient mice
(data not shown). Our reprogrammed cells show some chro-
mosomal abnormalities. It has been shown that continuous
passaging of reprogrammed as well as ESCs on Matrigel re-
sulted in the appearance of chromosomal abnormalities
[47,48]. Additional genomic alterations have also been iden-
tified in human iPS cells derived from fibroblasts [49]. To date,
any study has solved this issue, which is essential for the
application of iPS cells into regenerative medicine.

The pluripotency of ESC is regulated by a network of ESC-
specific pluripotent transcription factors including OCT4,
NANOG, SOX2, signal transducer and activator of tran-
scription 3 (STAT3) and their effectors partners such as TCL-
1A, embryonic stem cell expressed Ras (ERAS), sal-like 4
(SALL4), and undifferentiated embryonic cell transcription
factor 1 (UTF1), which promote cell proliferation [50]. OCT4,
SOX2, and NANOG have been found to regulate their ex-

pression in stem cells forming a core of auto-stimulating
transcription factors [51–54]. NANOG also regulates T-box 3
(TBX3) and TCL-1A [55].

The TCL1-A gene is one of the regulator genes involved
in the pluripotency pathway in both mouse and hESC [56].
One of the functions of TCL-1A is to repress a subset of
neural crest genes [56]. TCL-1A and ERAS further stimulate
the phosphoinositide-3-kinase=serine=threonine protein ki-
nase Akt (Akt) signaling pathway to promote the cell cycle
[50,57,58]. Other factors such as myb-related protein B (B-
MYB), C-MYC, and the tumor suppressor gene P53 can af-
fect the reprogramming of somatic cells. B-MYB and C-MYC
activate the progression of the cell cycle, directly contrib-
uting to iPS generation. P53 induces growth arrest by
holding the cell cycle at the G1=S regulation point on rec-
ognition of DNA damage. It was recently shown by several
groups that p53 suppresses iPS cells generation [59,60] and

FIG. 5. Transcriptome shift of the
generated TSM cells toward an em-
bryonic stem-like transcriptome. The
complete set of genes from the micro-
array was used in a hierarchical cluster
analysis (uncentered correlation, aver-
age linkage) to group the expression
profiles of fibroblasts, generated TSM
cells, and hESC based on their overall
similarities (top dendrogram). Genes
deemed as ‘‘consensus hESC signature
genes’’ [1], with at least a 2-fold in-
crease in TSM cells (compared with
CCD27SK fibroblasts), were used to
generate a heatmap. Expression varies
from absent or low (white and light
gray) to higher levels (dark gray and
black). The graph shows the heatmap
using the Log2 transformed relative
expression levels (obtained dividing
microarray expression values of all
cells by the value obtained for
CCD27SK fibroblasts). This transfor-
mation results in numerical values
with a reduced range that, in associa-
tion with the default ‘‘row normaliza-
tion’’ carried out by the Heatmap
Builder software, allows more subtle
differences to be visualized. HDF,
human dermal fibroblasts; iPS, in-
duced pluripotent cells; hES -H1, hES-
BGO3 and hES-H9 are samples of
human embryonic stem cells; HDF-
iPS, iPS generated from human dermal
fibroblast (HDF); CCD27SK-TSM,
CCD27SK reprogrammed with TSM
factors; HDF, human dermal fibro-
blast; CCD27SK, human fibroblast
from ATCC.
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can induce cell differentiation by suppressing NANOG ex-
pression [61] (Fig. 6).

Many factors are involved in the establishment and
maintenance of iPS cells, but little is known about how these
factors work to maintain the pluripotent network. The de-
velopment of iPS cells using new combinations of repro-
gramming factors will be of fundamental importance to
understand and control the mechanisms of pluripotency and
self-renewal of human iPS cells.

One proposed mechanism of iPS generation is that the re-
programming is achieved when, on the one hand, there is an
equilibrated exogenous expression between pluripotent tran-
scription factors (NANOG, SOX2, OCT4, KLF4, LIN28) and
when, on the other hand, proliferative genes such as C-MYC
are present, (Fig. 6). The role of the proliferative genes could be
providing chromosomal access to the transcriptional factors
mediated by cell cycle progression. In this model, the prolif-
eration genes have no obligatory role, as it is possible to induce
full reprogramming of somatic cells without the forced ex-
pression of these genes. However, in the presence of these
genes, the efficiency of reprogramming dramatically increases
[20]. Similarly, the presence of valproic acid and 5-azacytidine,

which increase the chromatin accessibility, improves the effi-
ciency of iPS generation [17,62].

The combination including TCL-1A does not seem to be
universal. The contribution of TCL-1A to the process of cell
reprogramming could be, similar to the proposed role of
B-MYB and C-MYC, the stimulation of cell proliferation to al-
low access, in the case of TSM reprogrammed cells the tran-
scription factor SOX2, to the control region of the pluripotent
genes (Fig. 6). In favor of this model, it is of note that the
fibroblast CCD27SK expresses high level of KLF4 (Fig. 2D), and
the TSM reprogrammed cells themselves express NANOG
and OCT4. Thus, the induction of pluripotency with the forced
expression of only 1 transcription factor (SOX2) and 2 cell cycle
genes (C-MYC and TCL1-A) in a cell that already has higher
levels of KLF4 expression agrees with the general mechanism
proposed for pluripotent reprogramming (Fig. 6) [50].

In conclusion, we demonstrated that the forced expression
of 3 genes (SOX2, C-MYC, and TCL-1A) is capable to induce
pluripotent reprogramming of human somatic fibroblasts.
This achievement could contribute to the understanding of
the mechanisms of pluripotent cell generation, and it could
also permit the generation of cells that may be used in ex-
perimental protocols of drug screening, in disease models, or
even in protocols of experimental cell therapy.
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