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Abstract Stem cell commitment and differentiation leading
to functional cell types and organs has generally been con-
sidered unidirectional and deterministic. Starting first with a
landmark study 50 years ago, and now with more recent
observations, this paradigm has been challenged, necessitat-
ing a rethink of what constitutes both programming and
reprogramming processes, and how we can use this new
understanding for new approaches to drug discovery and
regenerative medicine.
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Introduction

Through proliferation, cell fate selection and cellular differ-
entiation during embryogenesis, a single cell gives rise to all
the cell lineages of the body. Until recently, the processes of
fate selection and differentiation were thought to be deter-
ministic and non-reversible. Nuclear transfer experiments
done 50 years ago by Gurdon and colleagues showed that
the nucleus of differentiated intestinal cells are capable of
forming an entire organism [1]. More recently, Yamanaka
and colleagues showed that forced expression of a limited
number of genes in somatic cells can reverse the committed
programmed state to a pluripotent state [2]. The process of
reversion from one defined specialized cell type into a plurip-
otent state is now known as “reprogramming” and the corre-
sponding cells as “induced pluripotent” cells (iPS cells) [3].

The ability to generate pluripotent cells from adult somatic
cells hasmade them prime candidates for regenerativemedicine
applications. However, iPS cells generated from people with
particular diseases are also being used for disease modeling,
drug discovery [4] and potential regenerative treatments [5].

I offer here some comments to frame the individual papers
in this special issue, in which the contributors cover different
aspects of the programming and reprogramming processes,
along with extant challenges and unanswered questions.

Lorenzo et al. [6]. summarize commonly used methodologies
and review important aspects/critical points in reprogramming
somatic cells into iPS cells. Although the four factors used
originally by Yamanaka’s group (Oct4, Klf4, Sox2 and c-Myc,
otherwise designated OKSM) [2, 7] remain commonly used,
there are intense efforts to complement the “Yamanaka factors”
with other factors to increase efficiency of the repogramming
process, including factors as diverse as, e.g. bcl-xl [8]
and E-cadherin [9].

Extensive work on Oct4 has shown that expression of this
“master” pluripotency gene is sufficient to induce pluripotency in
neural stem cells [10], and the activation of endogenous Oct4
transcription is a key step in the reprogramming of somatic cells
into iPS cells [11]. A considerable amount of data suggests that
Oct4 is “the gatekeeper into the reprogramming expressway”
that can be directed by altering the experimental conditions [12]..
Considering the importance of this, Ryan et al. [13]. have sug-
gested the need for very strict criteria and methodology to
evaluate the expression of Oct 4 in different stages and cell types.

The many diverse adult tissue sources/cell types being
used to generate iPS cells, including e.g., prostatic epithelial
cell [14], ciliary body epithelial cells [15], and human hair
follicular mesenchymal stem cells [16]. While these and
other studies provide strong support for the view that most
cell types are reprogrammable, it is clear that the process is
very inefficient and conditions vary from cell type to cell
type. Interestingly, for example, human epidermal cells appear
to reprogram with much higher efficiency than many other
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cell types; at least 100-fold more efficient and two-fold faster
than reprogramming of adult human fibroblasts [17]. It remains
to be determined whether certain somatic cells type[s] have a
greater propensity for more efficient and robust reprogramming
and what the underlying mechanisms are.

What role epigenetic modifications play in reprogramming,
and how that may contribute to differences between cell types
and ages of donor tissue is now beginning to be explored. Not
only programming but reprogramming of cells is accompanied
by drastic changes in the epigenetic profiles of the cells [18,
19].. To achieve a comprehensive understanding of program-
ming and reprogramming, it will be essential to understand the
mechanisms that regulate the epigenome and transcriptome in
cells [20]. The embryonic stem (ES) cell system has been used
to look at lineage specific programming processes in the con-
text of histone modification. For example, histone codes
employed by the β globin locus have been found to be con-
served throughout erythroblast development [21]. On the
reprogramming front, it has become evident that an epigenetic
barrier protects the identity of somatic cells, and that these cells
acquire pluripotency by breaking the epigenetic barrier by
reprogramming factors such as Oct3/4, Sox2, Klf4, Myc and
LIN28 [18]. However, it remains unknown how forced expres-
sion of these factors leads to themultitude of epigenetic changes
observed during the reprogramming process.

Using a high-resolution single nucleotide polymorphism
array, Hussein et al. [22]. compared copy number variations
of different passages of human iPS cells with their fibroblast
cell origins and with human ES cells. They showed that
significantly higher copy number variations were present in
the early-passage human iPS cells than intermediate passage
human iPS cells, fibroblasts or human ES cells. Expansion of
the iPS cells in culture selected against mutated cells, driving
the lines towards a genetic state resembling human ES cells.
In another very interesting study, it was observed that the
reprogramming process disrupts the regulation of mitochon-
drial DNA replication, but this can be re-established through
the use of epigenetic modifiers [23].

Understanding the biological mechanisms essential for suc-
cessful iPS cell generation requires both accurate capture of cells
undergoing the reprogramming process and identification of the
associated global gene expression changes. However, the low
efficiency and resulting heterogeneity using most methods for
generation of iPS cells have hindered understanding of the
molecular mechanisms promoting, and roadblocks preventing,
efficient reprogramming. Although several intermediate popula-
tions have been described, it has proved difficult to characterize
low frequency intermediate stages from the truly pluripotent iPS
cell state. Thus, uncoveringmolecular markers delineating stages
of the reprogramming process are of considerable interest. One
such gene is undifferentiated transcription factor 1 (UTF1), a
target of Oct4 and Sox2 and a bivalent chromatin component.
UTF1 is involved in ES cell-specific chromatin organization, and

its expression pattern during cell reprogramming and subsequent
differentiation appears to be tightly connected with the pluripo-
tent stem cell state [24]. A second example is the high mobility
group AT-hook 2 (HMGA2) protein, a non-histone chromatin
factor normally expressed in ES cells and during early develop-
mental stages, and known to have a critical role in maintenance
of pluripotency [25]. The hope is that such markers can be used
in the isolation and characterization of cells in distinct differen-
tiation stages [26]. Recently, it was reported that in mouse
embryonic fibroblasts, reprogramming follows an orderly se-
quence of transitions, marked by changes in the cell-surface
markers CD44 and ICAM1. These markers together with a
Nanog-enhanced green fluorescent protein reporter, prompted
the authors to conclude that reprogramming is not simply the
reversal of the normal developmental processes [27].

Precise, robust and scalable directed differentiation of plurip-
otent stem cells, whether iPS or ES cells, is an important goal
with respect to disease modeling, drug development and regen-
erative medicine applications [28]. Amongst lineages of intense
interest are the neuronal lineages. Using the AggreWell™400
system, Kozhich et al. standardized the differentiation of human
ES and iPS cells to a neuronal fate using defined conditions [29].
Protocols for the differentiation of iPS cells into functional
dopaminergic neurons [30], motor neurons [31], and medium
spiny neurons [32] has been reported. Differentiation into
hematopoeitic cells [33], hepatocyte-like cells [34], and pancre-
atic cells [35] have also been reported.

Taken together, the papers in this special issue together
with the ongoing studies in the field of programming and
reprogramming underscore both the exciting advances and
the significant challenges remaining to fully realize the po-
tential of iPS cells.
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