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fibroblasts by defined factors. Takahashi K, Tanabe K,

Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S.

Successful reprogramming of differentiated human

somatic cells into a pluripotent state would allow creation

of patient- and disease-specific stem cells. We previously

reported generation of induced pluripotent stem (iPS)
cells, capable of germline transmission, from mouse

somatic cells by transduction of four defined transcription

factors. Here, we demonstrate the generation of iPS cells

from adult human dermal fibroblasts with the same four

factors: Oct3/4, Sox2, Klf4, and c-Myc. Human iPS cells

were similar to human embryonic stem (ES) cells in mor-

phology, proliferation, surface antigens, gene expression,

epigenetic status of pluripotent cell-specific genes, and tel-
omerase activity. Furthermore, these cells could differenti-

ate into cell types of the three germ layers in vitro and in

teratomas. These findings demonstrate that iPS cells can

be generated from adult human fibroblasts.

[Abstract reproduced by permission of Cell

2007;131:861–872]

Embryonic stem cells (ESC), derived from the inner
cell mass of the blastocyst, are pluripotent cells capa-
ble of differentiating to all somatic and germ cells of
the body. ESC were first isolated from mouse blasto-
cysts in 1981 [1]. It was not until their isolation from
human blastocysts in 1998 [2] that ESC were viewed
as an inexhaustible source of cells that might be used
for regenerative medicine, even though the allogeneic
nature of ESC-derived cells or tissues would necessi-
tate life long immunosuppressive therapy. The need
to destroy human blastocysts has also raised ethical
concerns. Although near-autologous ESC, created
using somatic cell nuclear transfer (SCNT) [3], would
circumvent the allogeneic nature of ESC, the need for
unfertilized human oocytes and the possibility to
exploit this technology for reproductive cloning raises
further ethical concerns. As fusing somatic cells with
ESC [4] can also induce an ESC cell state in somatic

cells, it became clear that it might well be possible
that introduction of well defined genes present in
ESC that would repress the differentiated genetic pro-
gram and reactivate a previously silenced ESC pro-
gram would allow creation of ESC like cells from
somatic cells. These findings combined with the signif-
icant progress over the last 5–10 years in understand-
ing the key genetic and epigenetic programs that
maintain ESC pluripotency [5,6], lead to the quest to
develop methods to de-differentiate somatic cells to a
pluripotent state using genetic means.

The first evidence that reprogramming adult cells to
an ESC-like state is possible using defined factors came
from the group of Yamanaka in 2006. They demon-
strated that retroviral transduction of fetal or postnatal
fibroblasts with the transcription factors Oct4, Sox2,
Klf4 and cMyc, yields cells with most but not all fea-
tures of ESC [7]. These ‘‘Induced Pluripotent Stem cells”

or iPS cells, had reactivated expression of endogenous
Oct4, Sox2 and Nanog, the combination of which
blocks differentiation and activates the gene circuitry
needed for maintaining ESC pluripotency [5]. Although
the first generation iPS cells could form embryoid bodies
(EBs) and teratomas, they contributed poorly to chime-
ric mice when injected in the blastocyst. Since this initial
report, a series of studies reported by the Yamanaka
group and other investigators have confirmed and
extended the initial observation. Cells with nearly all
features of ESC have now been generated from mouse
fetal and postnatal terminally differentiated cells, as well
as human fetal and postnatal cells by transduction with
retro- or lentiviral vectors encoding at the minimum
Oct4 and Sox2 [8,9]. The frequency with which iPS cells
can be generated is enhanced when aside from these two
transcription factors (TFs), cells are also transduced
with additional TFs including Klf4, Lin28, Nanog
and/or cMyc.

Even with the addition of additional TFs, the repro-
gramming efficiency is relatively low (1/1–5 � 104 cells);
lower than when somatic cells are reprogrammed by
fusion with Nanog-over-expressing ESC, or via SCNT.
The time required to fully reprogram human or mouse
cells to iPS cell lines ranges between 3 and 4 weeks.
The transgenes become silenced from week 2 on at
which time the endogenous transcriptional machinery
that maintains pluripotency becomes activated [10].
However, additional events appear to be required after-
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wards to stably establish pluripotency in iPS cells. The
possibility that activation of endogenous genes is due
to insertion of the integrating viral vectors was excluded
as no common integration sites between different iPS
lines have been found [11]. Nevertheless, the current
need for integrating viral vectors makes the prospect
that iPS generated in this manner may be clinically use-
ful unlikely, as insertional mutagenesis may occur.
Moreover, there is evidence that the transgenes can
become reactivated leading to malignant transformation
[12]. Further characterization of the exact mechanisms
underlying the reprogramming of somatic cells by
Oct4 and Sox2 will likely lead to more efficient methods
for reprogramming.

These current drawbacks will likely be overcome in
the ensuing years. For instance, integrating vector con-
structs that can subsequently be excised using cre-
recombinases or flipases, non integrating vectors, or
non-viral methods could be used to transiently express
the complement of TFs required to induce the necessary
genetic and epigenetic changes. Alternatively, short term
expression of the TFs could be accomplished using pro-
tein transfection. Finally, small molecule screens are
already being planned to induce the reprogramming
[13].

That it may be possible to reprogram cells without
introducing new genetic material follows from a series
of unrelated studies wherein in vitro culture of lineage
committed cells appears to induce de-differentiation.
Several studies have found that ESC-like cells arise by
spontaneous conversion when spermatogonial stem
cells, which express Oct4 but not Nanog or Sox2, are
cultured with leukemia inhibitory factor (LIF), with or
without glial-cell-line-derived neurotrophic factor on
mouse embryonic fibroblasts or feeders generated from
the testis (termed multipotent adult stem cells or MASC,
and multipotent/adult germline stem cells or maGSC).
MASC and maGSC generate EBs, form teratomas,
and generate partial (MASC) or complete (maGSC) chi-
meras when injected in the blastocyst [14–16]. This spon-
taneous conversion is associated with the activation of
part or most of the transcriptional networks known to
maintain pluripotency in ESC (Oct4, Sox2 and Nanog).
Likewise, when murine or rat neonatal bone marrow
cells (that do not express appreciable levels of Oct4,
Nanog or Sox2 [17]) are cultured in the presence of epi-
dermal growth factor, platelet derived growth factor and
LIF, a population of cells appears after approximately
2, 5 months that expresses part of the transcriptional
program of ESC, including some of the TFs needed to
generate iPS cells (Oct4, cMyc, Klf4 and Klf5 and
Lin28). These multipotent adult progenitor cells
(MAPC) differentiate in vitro to cells of the three germ-
layers, and at least some of the MAPC lines contribute
in part to chimeric mice [18]. The spontaneous genera-
tion of cells with some or most of the characteristics

of ESC from lineage committed cells in vitro, without
the need to force-express TFs suggests strongly that
the quest for finding specific molecules that can re-estab-
lish the ESC pluripotency program in somatic cells will
be successful.

This recent series of studies demonstrating that
somatic cells can be de-differentiated to an ESC-like
state is likely one of the most exciting series of studies
in biomedical research in the last few decades. iPS may
make autologous cell-based regenerative medicine possi-
ble. iPS have already been used to generate hematopoi-
etic stem cells that rescue animals from sickle cell
anemia [19], or been induced to a neural cell fate, which
when grafted in vivo, integrated in the host brain [20]. It
is perhaps not unthinkable that it may be possible to
reprogram somatic cells to a germ-layer specific stem
cell, that would not harbor the inherent risk of develop-
ing into teratomas like ESC, but like ESC could be used
to generate cells for stem cell based therapies. Other
applications of iPS cells are the generation of ESC-like
cells from individuals with single- or multi-gene disor-
ders, allowing one to generate the affected cell type to
study the disorders now using human cells rather than
mouse models [21,22]. Alternatively, iPS may be gener-
ated from a large number of individuals to generate spe-
cific cell types to be used in the pharmaceutical industry
to test toxicity and efficacy of drugs using human cells
prior to phase 1 and 2 studies. Finally, the development
of a well defined system to induce de-differentiation of
somatic cells, may also offer a window into processes
of de-differentiation known to be involved in cancer
development.
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