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Lazarus’s Gate: Challenges and Potential of 
Epigenetic Reprogramming of Somatic Cells
JT Henderson1

The past year has seen tremendous advances in epigenetic 
reprogramming of somatic cells. Direct genesis of plu ripotent 
stem cells, in contrast to earlier somatic cell nuclear transfer 
(SCNT) techniques, removes significant ethical and regulatory 
concerns regarding the utilization of human oocytes and  
zygotes, and represents a significant step toward the develop
ment of nonxenogeneic production methods. While signifi
cant technical hurdles remain, this and related technologies 
are enabling new approaches toward clinical treatments, basic 
research and diagnostics, and drug evaluation.

TherapeuTic poTenTial
The potential for utilizing endogenous mammalian stem cells 
to enhance repair and renewal of damaged organs and tissues 
has received much attention over the past decade.1,2 However, 
only recently have technical advances in the field proceeded 
to the point where the therapeutic potential of stem cells can 
be efficiently realized. These advances will enable researchers 
to directly examine processes in embryonic germ layer dif-
ferentiation, cell senescence, and tissue repair in humans in 
ways which would not have been possible even a few years ago. 
Immediate benefits of induced pluripotent stem (iPS) cell line-
ages include: (i) direct derivation of iPS lineages containing a 
variety of somatic pathogenic mutations enabling a wide array 
of experimental analyses into disease mechanisms in humans; 
(ii) development of patient-specific (immune compatible) cell-
based therapies for the treatment of acute and chronic tissue 
injury; (iii) high-throughput drug testing, utilizing populations 
of primary human cells for a variety of disease states; (iv) direct 
analysis of early developmental processes in humans using in 
vitro cell culture and animal–human embryo hybrid methods; 
and (v) development of nonviral gene therapy and individual 
gene repair methods in humans. In addition, the development 
of iPS cells will significantly advance research on the molecu-
lar mechanisms that regulate the differentiation of stem and 
multipotential progenitors, as well as a variety of somatic cell 
lineages. Understanding such signaling interactions will be 

critically important to the development of advanced  artificial 
 tissues and organs. Each of the above endeavors poses unique 
benefits and challenges. In order to appreciate these, it is impor-
tant to consider the technical elements underlying recent 
advances in iPS.

GeneraTion of sTem cell lineaGes
Epigenetic reprogramming of somatic cells has, until recently, 
employed the process of somatic cell nuclear transfer (SCNT), 
in which a somatic cell nucleus is placed within properly pre-
pared enucleated oocytes (typically stage MII) or zygotes.3 
Numerous studies have demonstrated that germ cell cyto-
plasm induces reprogramming of somatic chromosomes, 
resulting in the establishment of a hybrid cell line exhibiting 
enhanced potentiality.4,5 After the first successful demonstra-
tion of this methodology in mammals through production of 
the cloned sheep “Dolly” in late 1995,6 SCNT methods have 
proliferated, becoming customized for specific cloning appli-
cations.3 Although the frequency of live births using SCNT 
remains low, this method has successfully generated viable 
clones for a variety of mammalian species.7–10 The process 
of SCNT provided an important first step in our understand-
ing of epigenetic reprogramming. Subsequently, in 2006, the 
work of Takahashi and Yamanaka demonstrated that enforced 
expression of transcription factors, such as Oct3/4, Sox2, 
c-Myc, and Klf4, induced murine fibroblasts to exhibit prop-
erties of pluripotent stem cells.11 These cells, termed iPS cells 
by the authors, exhibited numerous similarities, but not iden-
tity with, bona fide embryonic stem (ES) cells. The differences 
included alterations in the pattern of gene expression between 
iPS and ES cells, and the aberrant development of chimeric iPS 
embryos in blastocyst aggregates.12 These differences raised 
questions regarding the relationship between iPS and ES cells. 
In July 2007, a laboratory team headed by Rudolph Jaenisch 
similarly demonstrated, using Nanog and Oct4 expression as 
markers to identify pluripotent clones, that enforced expres-
sion of the Oct3/4, Sox2, c-Myc, and Klf4 transcription factors 
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in murine fibroblasts resulted in the formation of ES cell-like 
colonies.13 The induced pluripotent clones exhibited a nor-
mal chromosomal karyotype and produced live-born chi-
meras when introduced into host blastocysts (see Figure 1). 
These chimeras were subsequently shown to exhibit germline 
transmission of genes specific to iPS clones. Because chimeric 
aggregates can mask subtle genetic abnormalities within the 
adoptive (iPS) clone, the developmental potential of iPS cells 
was further examined using tetraploid aggregations. In this 
technique, the embryo proper develops solely from the intro-
duced iPS cells14 (Figure 1). The observation of viable late-term 
embryos in tetraploid aggregates of iPS cells indicates that these 
clones possess sufficient developmental potential to generate 
the entire embryo and are free of significant functional abnor-
malities. Consistent with this, the expression and methylation 
patterns of a substantial majority of the genes examined were 
observed to be similar in induced and ES cell clones, suggesting 
that the discrepancies originally observed may reflect differ-
ences in the conditions under which the induction and culture 
were carried out.13,15

Recently (November 2007), the Yamanaka and Thompson 
groups demonstrated that iPS cells could be derived from 
adult human somatic cells.16,17 Again, the pattern of gene 
expression in iPS cell clones exhibits extensive similarity to 
(but also significant differences from) that observed in estab-
lished human ES cell lines. Differentiation of these clones as 
embryoid bodies resulted in the generation of differentiated 
cells arising from all three germinal layers, and iPS cells exhib-
ited cell doubling times (43–49 h) similar to those observed in 
human ES cells.3,18

mechanism and safeTy of induced  
pluripoTenT cells
While the precise mechanism by which enforced expression of 
Oct3/4, Sox2, c-Myc, and Klf4 induces somatic reprogramming 
remains unclear, evidence suggests that expression of c-Myc and 
Klf4 alters chromatin structure.13,16 This, in turn, may enhance 
the access of Oct3/4 and Sox2 (factors known to be critically 
important for the maintenance of pluripotency) to their tran-
scriptional targets. With respect to direct therapeutic use of iPS 
cells in humans, concerns have been raised regarding the pres-
ence of retroviral DNA sequences (used for expressing Oct3/4, 
Sox2, Klf4, and c-Myc) in iPS cells and derivatives, and ectopic 
expression of the oncogene c-Myc.13,17 With respect to the first 
concern, the temporal requirements of Oct3/4, Sox2, Klf4, and 
c-Myc expression have not yet been firmly established. There is 
considerable evidence (including the observed hypermethylation/
inactivation of retroviral target sequences in derived iPS cells) to 
suggest that ectopic expression of these factors is required only 
acutely for establishing the initial iPS colony. Therefore, nonviral 
DNA transduction methods including direct transgenesis (see 
later text), or short-acting introduction of the required transcrip-
tion proteins may prove feasible for the initial establishment of 
patient-specific iPS clones. With respect to c-Myc, it has recently 
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figure 1 Overview of technical procedures described. (a) Derivation of human 
embryonic stem (ES) cells. Prepared oocytes (typically MII phase) can be 
fertilized and cultured in vitro, initially resulting in morula (4–16 cells that are 
totipotent), followed by blastocyst formation (16–40-cell stage). During this 
period, the inner cell mass (ICM) becomes apparent. The isolation of pluripotent 
cells of the ICM from the trophectoderm (often through immunosurgery) allows 
their culture to permanent ES cell lines. The majority of current ES cell lines have 
been established in this manner. Vertical arrowheads indicate points where 
human material can be donated to generate ES cells. dpf, days post fertilization. 
(b) Derivation of ES cells using somatic cell nuclear transfer. Using a prepared 
enucleated oocyte (frequently murine), nuclear material from human somatic 
cells is transferred to the recipient cytoplast, forming a cytoplasmic hybrid 
(cybrid). The isolation of the ICM from the resulting chimeric blastocyst allows 
the establishment of human ES cell lines as in the first example. The effects of 
exposing the ES cell lines so created (and all ES cell lines during their culture 
and differentiation) to xenobiotic materials such as fetal bovine serum albumin 
is currently a subject of investigation. (c) Generation of induced pluripotent 
stem (iPS) cell lineages. Somatic cells are transduced with a minimal set of 
transcription factors required for cellular reprogramming (current protocols use 
Oct4, Sox2, and Klf4). Current methods use retroviruses to maximize cellular 
transfection and reprogramming, but other transduction methods appear 
feasible. As with ES cells, after nuclear reprogramming, the colonies are typically 
transferred onto fibroblast feeder layers (however, feeder-free methods 
also exist). The cultures are subsequently incubated in standard ES media 
plus basic fibroblast growth factor for 30 days to establish iPS cell colonies. 
(d) Construction of chimeric embryos. After the ES cells have been thawed 
and cultured onto fibroblast feeders, they are replated onto feeder-free plates 
(1–2 days), and ES cell clusters (8–15 cells in size) are injected into or aggregated 
with host embryos to form a chimeric blastocyst. These are transferred to a 
pseudopregnant recipient so as to generate chimeric embryos. Germline 
transmission from chimeric founder animals allows ES cell characteristics to 
be passed to every cell of the subsequent generation. (e) Construction of 
tetraploids. ES cell aggregates of normal diploid (2n) karyotype are sandwiched 
between clusters of tetraploid (4n) cells, typically generated through 
electrofusion at the two-cell stage, and subsequently cultured (eight-cell stage) 
before aggregation with ES cells. Because tetraploid cells cannot contribute to 
the embryo proper (instead, they form the extraembryonic tissues), embryos 
will be derived only from the ES cells provided.
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been reported that iPS cell clones can be established (albeit at sig-
nificantly lower efficiency) without the use of c-Myc.19 Therefore, 
methods of addressing these concerns may yet prove straightfor-
ward. However, it is important to note that when current induc-
tion methods are used, iPS cells do not exhibit identical patterns 
of gene expression to ES cells derived from the blastocyst inner 
cell mass.12,13 The significance of this finding will have to await 
functional analysis of iPS cells and derivatives using murine 
model systems. This will be a critical test of the ability of iPS 
cells to truly replace endogenous cell functions.

One further aspect of the creation of iPS cells bears consid-
eration. While prior SCNT investigations have demonstrated 
the capability of germ cell cytoplasm to reprogram somatic cell 
nuclei, the relatively small percentage (≤0.1%) of pluripotent 
clones retrieved from the initial (somatic) population may 
suggest that recovered iPS cell clones arise from rare multi-
potential progenitors that exist within skin cell populations.20 
Alternatively, derived clones could reflect the occurrence of 
additional (rare) events required for pluripotency. These could 
include retroviral integration at a specific chromosomal locus, 
or specific genetic changes induced in culture, resulting in the 
activation or inhibition of additional genetic components.12,16 
These issues should be clarified in the near future, because each 
can be addressed experimentally in a straightforward manner. 
Finally, the infrastructure necessary for good manufacturing 
practices and the protocols governing iPS cell derivation, cul-
ture, storage, and differentiation will need to be clearly defined 
and standardized within the scientific community before this 
new technology can be put to clinical use. A key issue is likely 
to pertain to guidelines regarding exposure of iPS cells to xeno-
biotic constituents during culture and derivation, in view of the 
fact that these could potentially provide a mechanism toward 
the development of new cell pathogens.

new approaches To Gene/cell Therapy
As indicated earlier, iPS cell lines exhibit sufficient developmen-
tal potential to generate viable full-term embryos. This suggests 
that human iPS cells and their cellular derivatives may prove 
useful in an array of therapeutic cell transplantation strategies, 
utilizing both endogenous and genetically modified cell lines. 
In support of this, autologous iPS cells derived from skin fibro-
blasts have recently been utilized to correct a murine model 
of sickle cell anemia.21 For such “gene therapy” applications, 
the issue of safety of the patient should always be paramount. 
Traditional gene therapy approaches have relied upon viral 
transduction to introduce the transgene into host lineages, prin-
cipally because of the limitations relating to availability of host 
material and renewal capability. The drawbacks of such methods 
are potential immunologic consequences22 and the variability of 
chromosomal target integration in different cells,23 potentially 
producing undesirable consequences such as oncogenic trans-
formation. In view of their renewal capabilities, the development 
of iPS cell lines offers a potential solution to these problems. 
Using well-defined homologous/site-specific recombination 
strategies (Figure 2), precise genetic modifications can be per-
formed in iPS cell lines.24 Following the identification, selection, 

and expansion of the desired modified clone, key genetic ele-
ments of concern could be sequenced prior to the introduc-
tion of cells into patients, thereby enhancing safety. In the event 
that  recombination/selection sequences require removal after 
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figure 2 Potential therapeutic role of induced pluripotent stem (iPS) cells. 
Shown in the figure are potential clinical and research advances directly 
enabled through the development of iPS cell lines. (a) Patient-specific gene 
therapy. Derivation of iPS cells in conjunction with homologous recombination 
and high-throughput gene sequencing will significantly enhance development 
of patient-specific gene therapy. In the example shown, iPS cell clones are 
derived from the somatic cells of a given patient. High-throughput sequencing 
(HTS) of DNA from these clones at gene loci of interest/concern identifies those 
of optimal character (red) from suboptimal (gray) candidates. The proliferative 
potential of iPS cell clones allows homologous targeting at specific gene loci, 
thereby preventing complications associated with the use of viral methods 
(see text). Human genome information currently allows the rapid development 
of gene targeting cassettes, by providing detailed sequence information (red 
helices). Typical targeting cassettes consist of a gene promoter (p) which directs 
expression of a given therapeutic gene (gene). The targeting cassette also 
contains an antibiotic selection marker (sel) under the control of a secondary 
promoter (p), which is expressed in iPS cells. The selection marker allows the 
identification of clones that have incorporated the targeting cassette into 
their genomic DNA (yellow arrowheads). An analysis of 5′ and 3′ regions 
surrounding the targeted locus identifies the clones in which homologous 
targeting has occurred. In order to remove unnecessary gene sequences after 
targeting, recombinase systems such as Cre have been utilized for removing 
DNA sequences between target (loxP, lp) sites. After analysis of specific gene 
loci using HTS (for quality assurance), selected iPS clones can be expanded and 
differentiated to lineage-specific stem cells or other somatic derivatives for 
cellular transplant into patients. (b) Research. The development of iPS cell lines 
enables research in several critically important areas of human biology. The 
derivation of iPS cell lines from cells containing rare somatic mutations (1) will 
be extremely helpful in improving our understanding of the molecular basis 
of human disease. Another critically important issue relates to the molecular 
mechanisms directing pluri- to mutipotential stem cell development. (2) A 
third area, not permissible under current regulations, is the analysis of early 
human cellular differentiation using animal/human hybrids (cellular chimeras 
or “celmeras”). (3) The introduction of small numbers of tagged human iPS cells 
(blue) into developing murine blastocysts could allow researchers to examine 
the establishment of primary germ lineages, and possibly organogenesis. Such 
research must be considered with care, because improper protocol control 
could favor the development of new human or animal pathogens. Additional 
potential applications from celmera generation are indicated.
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very small numbers of tissue-specific progenitors into dam-
aged tissue. The aim would be to more closely replicate natural 
conditions during tissue repair, with the target tissue itself 
providing the needed signaling instructions to replace aged 
and damaged cells. In order to promote such efforts, future 
research will need to focus upon the signaling mechanisms 
that regulate the differentiation of pluripotent cells to various 
tissue-specific multipotential progenitors. Finally, there has 
been significant discussion over the past decade of the poten-
tial therapeutic benefit of generating primary human neurons 
using SCNT (and now iPS) to address neural injuries. While 
neural differentiation and development remain critically 
important areas of basic research, the immediate therapeutic 
benefits derived from neural–iPS investigations are likely to be 
pharmacologic/toxicologic in nature rather than in the field of 
neuroregenerative medicine. This is because, for large regions 
of the central nervous system, appropriate neural function is 
a result of both proper cellular differentiation/organization 
and a specific pattern of neural connectivity. Even when effi-
cient strategies for the genesis of appropriate neural subtypes 
are determined, it is unclear how such cells will recapitulate 
proper patterns of neural connectivity. While some central 
nervous system regions can exhibit significant functional plas-
ticity, this is not a general property of the system.32 Clearly, 
if transplanted cells fail to recapitulate appropriate patterns 
of synaptic response, it will be difficult to rationalize the ben-
efits of such “therapeutic” interventions. Therefore, the cen-
tral  nervous system may represent the ultimate boundary for 
 cellular replacement.
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