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Abstract
Generation of induced pluripotent stem (iPS) cells using defined factors has been considered a
ground-breaking step towards establishing patient-specific pluripotent stem cells for various
applications. The isolation of human embryonic stem (ES) cells set the standard that pluripotent
stem cells are attainable as potentially immortal cells for regeneration of many types of tissues.
Different approaches have been tested to obtain pluripotent stem cells by circumventing the need
for embryos. iPS cells appear to be an ideal substitute for ES cells. Since the first demonstration of
creating iPS cells in 2006, tremendous efforts have been made into improving iPS cell generation
methods and understanding the reprogramming mechanism as well as the nature of iPS cells. To
improve iPS cell generation, several approaches have been taken: (1) eliminate the viral vector
integration after delivering the defined factors; (2) select different cell types that more effectively
give rise to iPS cells; (3) use of chemicals to facilitate reprogramming; (4) use of protein factors to
reprogram cells. The iPS cells are also being rigorously characterized in comparison to ES cells.
All these efforts are made for the purpose of making iPS cells closer to clinical applications. This
article will give an overview of the following areas: (1) mechanisms of iPS cell derivation; (2)
characterization of iPS cells; (3) iPS cells for cell-based therapy; and (4) iPS cells for studying
disease mechanism. Questions as to what aspects of iPS cells require further understanding before
they may be put to clinical use are also discussed.
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1. Introduction
The discovery of a consistent and reliable technology to reprogram somatic cells into
pluripotent stem cells, termed induced pluripotent stem (iPS) cells, opened a new page for
medicine.1–3 iPS cells were first established by delivering the four factors c-Myc/Klf4/Oct4/
Sox2 or Lin28/Nanog/Oct4/Sox2 into dermal fibroblasts (DFs). Because the introduction of
these factors has been via viral vectors, making the reprogrammed cells not clinically useful,
significant efforts have been put into removing the vectors from cells after they have been
reprogrammed into iPS cells.4–8 To completely circumvent the use of vectors, delivery of
recombinant protein-based four factors to generate iPS cells in the mouse and human system
has been reported.9,10 However, the protein method is extremely difficult and inefficient.
Delivering mRNA of the four factors has also been tested to reprogram human fibroblasts,
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but the data presented are currently only preliminary and not convincing.11 Another
alternative is not to use these genes and their products at all, but to reprogram by chemical
stimulation. Small molecule screening by an established mouse cell line carrying a reporter
gene (e.g., Oct4-GFP) was able to filter out a list of chemicals that were able to induce
pluripotency by substituting some of the four genes.12–15 Although the evidence showing a
total replacement of the four factors by chemicals has not been reported, it is anticipated that
this may emerge in the future.

The most important contribution of iPS cells to biology and medicine may be summarized as
follows: (1) understanding of cell differentiation and dedifferentiation; (2) possibility of
establishing individualized iPS cells for clinical applications without the need to harvest
allogeneic human (h) embryonic stem (ES) cells from embryos or deal with nuclear transfer;
and (3) generation of patient-specific iPS cells to study genetic background and disease
mechanisms. Since the isolation of mouse (m) and hES cells,16–18 this cell source that is
capable of giving rise to all types of cells has served as a powerful tool to understand stem
cell “stemness” and differentiation. The ES cell properties have been considered as a gold
standard for pluripotent stem cell-based regenerative medicine. The major drawback of hES
cells for clinical use is the lack of identical genetics between the donor cells and the
recipients. iPS cells basically resolve this hurdle. More importantly, certain genetic diseases
are rare and lack animal study models. Custom iPS cells can be generated from the patients
and studied using in vitro or in vivo study models.

With respect to the source of cells for iPS cell generation, most studies used a mouse system
in which iPS cells are much easier to derive. Several types of mouse cells have been used to
generate iPS cells successfully, including DFs, dermal papilla cells, β cells, liver cells, gut
epithelial cells, neural stem cells, mouse adult bone marrow mononuclear cells and B
cells.2,19–26 Other types of cells in the mouse system, such as subpopulations of neural stem
cells, have been found to be easily reprogrammed with fewer than the four factors.12,13,21 In
the human system, DFs, amniotic fluid-derived cells, skin keratinocytes, ES-derived
fibroblasts, CD34 blood cells, mesenchymal stem cells (MSCs), adipose stem cells,
umbilical cord blood cells, dental stem cells, and oral mucosa fibroblasts have been shown
to be reprogrammed into iPS cells.1,27–36 Currently, only one factor—Oct4— is needed to
generate hiPS cells if fetal neural stem cells are used.37 Also, human cord blood cells can be
reprogrammed into iPS cells with only two factors: Oct4 and Sox2.33 It appears that, in
general, it is easier to reprogram more immature cells than adult cells. From the perspective
of clinical applications, cells that are not easily accessible, such as neural stem cells, are not
a suitable cell source for iPS cell generation. Initially, iPS cells were thought to have
reached the ground state as ES cells once they are fully reprogrammed and able to form
teratomas, chimeras or adult animals through tetraploid complementation in the mouse
system.38–40 However, the possibility of iPS cells retaining “memory” of the original cells
has been speculated. Recent investigation in the mouse system has verified this speculation
that iPS cells in low passages retain epigenetic memory.41,42 Genome-wide gene expression
and epigenetic profile analyses showed that hiPS cells have differential gene expression
signatures and methylated regions compared to hES cells.43,44 Therefore, iPS cells are likely
not fully reprogrammed to the ground state of ES cells. In view of the impact that iPS cells
have on medicine, current and future research on iPS cells will inevitably focus on: (1)
mechanisms of iPS cell derivation; (2) characterization of iPS cells; (3) iPS cells for cell-
based therapy; and (4) iPS cells for studying genetics and disease mechanism. This article
will focus on the review and discussion of these four areas.
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2. Mechanisms of iPS Cell Derivation
2.1. The process of iPS cell reprogramming

In mammals, germ cells undergo a different epigenetic modification process from somatic
cells throughout the developmental stage. This process continues until after fertilization, at
which point the epigenetic modification is completed. This final epigenetic change allows
the zygote to enter a state of totipotency such that a new cycle of normal development to
form an entire organism can be initiated.45 In the case of nuclear transfer, the egg nucleus
carrying the haploid number of chromosomes is replaced by the diploid somatic nucleus.
The creation of Dolly the Sheep by somatic cell nuclear transfer implicated that, in
mammals, an adult somatic cell nucleus can be reprogrammed, resulting in extensive
epigenetic modification of the genome to a state that confers totipotency.46 Cloning of a
mammalian organism is made possible because of this phenomenon. However, human
nuclear transfer has so far not been successful in giving rise to embryos for the purpose of
obtaining ES cells for therapeutic applications, although cloning in many mammalian
species can be achieved.47–50 Besides nuclear transfer, one approach to rejuvenating somatic
cells into the pluripotent stage is by fusion with ES cells. Although this does lead to
transforming the somatic cell into pluripotency resulting from the nuclear effect of the ES
cells, this approach causes the cell to become tetraploid.51,52 Additionally, just like using
allogeneous hES cells for therapy, it has immune-rejection potential. Another approach is
parthenogenesis, a phenomenon that does not occur in mammals but which can be
artificially induced. Human parthenogenetic approaches that generate hES cells are
potentially useful for clinical applications.53,54 In mouse systems, primordial germ cells or
germline stem cells and bone marrow cells may become pluripotent in cultures.55–57 In
summary, from a perspective of clinical applications using pluripotent stem cells, those
aforementioned methods are either technically difficult or have only been observed in mouse
systems.

By studying ES cells, many genes have been known to be associated with the pluripotent
state, and these genes are repressed in differentiated cells. The question is whether or not
forcing the expression of these repressed genes can dedifferentiate cells and reverse them to
the pluripotent state. Yamanaka and his team asked this question and selected a list of 24
genes known to be expressed in ES cells. These genes are mostly transcriptional factors,
intracellular signaling factors or involved in epigenetic modifications. By using a
Fbx15βgeo/βgeo mouse model, they found that forced expression of all these genes in
Fbx15βgeo/βgeo mouse fibroblasts turned them into ES-like cells morphologically.
Subsequently, they meticulously narrowed them down to four factors, c-Myc, Klf4, Oct4 and
Sox2, that were sufficient to reverse fibroblasts to ES-like cells—the birth of “induced
pluripotent stem (iPS) cells”.2 These miPS cells demonstrate the following features: (1)
show ES cell morphology in cultures; (2) have similar cell expansion rate to ES cells; (3)
express key ES cell genes; (4) their global gene profiles resemble those of ES cells; (5) have
similar epigenetic profiles of genes involved in ES cell maintenance and in development; (6)
form embryoid bodies in cultures; (7) can differentiate into cells of all germ layers in
embryoid bodies in cultures; (8) form teratomas in vivo containing tissues of all germ layers;
and (9) form chimeras after iPS cells have been injected into blastocysts.

All the above features are characteristic of ES cells. This finding demonstrates that instead
of requiring a myriad of nuclear and cytoplasmic factors to reprogram a somatic cell nucleus
into the ground state of pluripotency,58 a delivery of three to four defined factors can lead to
a cascade of intracellular events resulting in activation and inactivation of genes that lead to
reversing somatic cells to a pluripotent state.
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Yamanaka's group further asked if these four factors will do the same for human fibroblasts,
although mouse and human systems are very different. They used the same four factors c-
Myc, Klf4, Oct4 and Sox2 in humans and introduced them using the same retroviral vector
systems. Human DFs from human donors were able to be reprogrammed into iPS cells
exhibiting similar features outlined above for miPS cells except for the formation of
chimeras which cannot be performed for the human system.1 At the same time, a team led
by Thomson independently selected 14 potential genes with enriched expression in ES cells
relative to myeloid precursors and known to be involved in the establishment of
maintenance of pluripotency to reprogram human DFs. Using a differentiated derivative of
an Oct4 knock-in human ES cell line previously generated, the team was able to test the 14
genes and screen which subsets could activate Oct4 promoter in the differentiated cells and
reprogram back to ES cell state. They identified a core set of four genes, Oct4, Sox2, Nanog
and Lin28, that were able to reprogram human fetal and foreskin fibroblasts into iPS cells
with ES cell characteristics.3 These two papers confirmed that hiPS cells can be generated
with defined factors, implying that this reprogramming technology may be a powerful tool
for clinical applications, especially in generating patient-specific pluripotent stem cells.

2.2. A stochastic event of the reprogramming
The activation of the endogenous genes needed to reach the pluripotent state involves at
least a change in the epigenetic conditions of those key genes that play a pivotal role in the
maintenance of cell pluripotency and differentiation as well as in the development of the
organism. Although the defined factor reprogramming method is relatively straightforward
compared to other means of obtaining pluripotent cells, this method is slow and highly
inefficient. In humans, approximately 30 days are needed to derive iPS cells with a success
rate of only ∼0.01% of the transduced fibroblasts, and most cells are partially reprogrammed
or undergoing apoptosis. Yamanaka proposed the stochastic model to explain this
phenomenon.59 In this model, all cells have the potential to become iPS cells after the four-
factor transduction. However, because a successful reprogramming requires the right
amount, balance, continuity and silencing of the four-factor transgene expression, only a
small number of cells are in the perfect condition to be reprogrammed in the right direction
when receiving the transgenes. Because of this subtle balance of transgene expression, the
vector system used to deliver the transgenes may be a determining factor of successful
reprogramming. Our group initially subcloned the four factor genes (c-Myc, Klf4, Oct4 and
Sox2) as well as Nanog, each into the pLenti6.2/C-Lumio/V5-DEST vector system
containing a CMV promoter. Produced virus was added to the cultured human dental stem
cells (four factors or four factors plus Nanog). Approximately 30–50% of transduced cells
underwent cell death in the first few days. The surviving cells proliferated faster than before
the transduction and began morphological changes (fibroblastic to epithelial cell-like). The
cells were seeded onto feeder cells within 7 days following transduction to allow
reprogramming. Within 2–3 weeks, a few cell colonies similar to ES cell colonies emerged
(Figure 1). These colonies were passaged to new feeder cells but later all underwent cell
death. The same phenomenon was observed after several attempts. Chan et al categorized
these ES-like colonies emerging on feeder cells during reprogramming into three types
(types I, II and III), with only type III being fully reprogrammed as they expressed Nanog,
while types I and II are partially reprogrammed and they do not (type I) or only minimally
(type II) express Nanog.60 Subsequently, we used lentiviral vectors pSin-EF2-gene-Pur with
PEF1a promoter carrying one of the four factors Lin28, Nanog, Oct4 and Sox2 generated by
Thomson's group,3 and were able to obtain iPS cells reprogrammed from dental stem cells.35

We also subcloned human c-Myc, Klf4, Oct4 and Sox2 into the retroviral vector pMXs with
5′ LTR MMLV to drive gene expression. The vector system was also able to successfully
reprogram dental stem cells into iPS cells.35 It is possible that certain promoters built in the
vector systems provide optimal expression levels and continuity of those four to five factors
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in the transduced cells allowing successful reprogramming, while some vector systems do
not lead to this optimal condition for a full reprogramming.

Smith et al summarized the successful rate of iPS generation with the highest at 0.1% in a
mouse system using embryonic fibroblasts.61 With a single lentiviral vector expressing all
four of Yamanaka's factors, Sommer et al were able to demonstrate a reprogramming
efficiency of 0.5% using mouse tail-tip fibroblasts.62 In human systems, adipose tissue stem
cells can reach a successful reprogramming rate of 0.2%.34 In general, it is difficult to assess
the absolute efficiency as different laboratories use various vector systems and viral
activities can vary widely as well.

Regarding silencing of the transgenes, iPS cells generated by Thomson's four factors and the
vector systems do not become completely silenced after reprogramming but were able to
differentiate and form teratomas.3,35 Whether or not these unsilenced exogenous genes
would affect specific differentiation processes is unclear. It was mentioned by Yu et al in
their first paper on generation of iPS cells (Thomson's four factors) that neural
differentiation was common in teratomas from some of their iPS cell clones, while it was
largely absent in those from other clones.3 They found that this difference appeared to
correlate with a failure to downregulate Nanog and Oct4, and speculated that these
differences may be due to the specific integration sites that allowed continued high
expression of the lentiviral transgenes partially blocking differentiation.3 Additionally, Yu
observed (unpublished) that most of the iPS cells generated with lentiviral vectors
(Thomson's four factors) from newborn or adult fibroblasts produced mostly mesodermal
and endodermal tissues in teratomas, with less ectodermal tissues compared to those from
human ES cells, which was likely due to significant residual transgene expression in these
iPS cells (e-mail communication with Yu, April 1 and September 24, 2010).

3. Characterization of iPS Cells
3.1. Global gene and epigenetic profiles

The first set of miPS cells created by Yamanaka and his colleagues was compared to ES
cells in terms of global gene profiles, epigenetic characteristics, pluripotency in vitro and
teratoma formation in vivo. The global gene expression profiles of the original miPS cells
were compared to those of mES cells and their parent cells.2 iPS cell clones clustered well
with ES but not their parental cells. Observable differences exist between different miPS cell
clones as well as between mES and miPS cells; therefore, miPS cells are not the same as
mES cells in their global expression profiles. The promoter regions of Oct4 and Nanog are
hypomethylated in mES cells, whereas they are still heavily methylated in miPS cells.2
Subsequently, Yamanaka's team applied a different strategy by introducing Oct4, Sox2 and
Klf4 into Nanog-GFP-IRES-Puror mouse embryonic fibroblasts to generate Nanog iPS
cells.63 These cells have greater mES-cell-like gene expression compared with Fbx15 iPS
cells. Furthermore, the promoter regions of Nanog, Oct4 and Fbx15 are largely
unmethylated in Nanog iPS cells, unlike Fbx15 iPS cells. Nanog iPS cells contribute to
chimeras and some clones showed germ line transmission in the testis and were able to
generate F1 mice cross breeding with C57BL/6 female mice as well as F2 mice by
intercrossing the F1.63

In the human system, the global gene expression patterns between iPS and ES cells were
also compared and shown to be similar.1,3 Epigenetic profiles of the DNA and histone
methylation were analyzed, focusing on the promoter regions of pluripotent-associated and
development-associated genes. Oct4, Rex1 and Nanog of the iPS cells were highly
unmethylated. The histone modification status in hiPS cells showed H3K4 methylation and
H3K27 demethylation in the promoter regions of Oct4, Sox2 and Nanog. There were also
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bivalent patterns of development-associated genes including Gata6, Msc2, Pax6 and
Hand1.1

3.2. iPS cells confer pluripotency of somatic cells and form live adult animals via tetraploid
complementation

ES cells have the ability to reprogram the somatic cell genome following cell fusion.51,52,64

The cell hybrids exhibit characteristics of pluripotency. Recent reports demonstrated that at
least in the mouse system, iPS cells are also capable of reprogramming somatic cells by cell
fusion.65,66 The iPS-somatic hybrids can differentiate into cell types indicative of all three
germ layers. This demonstrates that once a somatic cell nucleus is reprogrammed by defined
factors, it acquires the capacity and potency to reprogram other somatic cells by cell fusion
and shares this functional property with normal ES cells.

Another important hallmark of ES cells as pluripotent stem cells is the capability to form
embryos and live animals via a tetraploid-complementation procedure. This process is
commonly performed using a mouse system in which a diploid embryo at two-cell stage is
artificially fused into a tetraploid cell and allowed to form a blastocyst. ES cells are then
injected into the blastocyst, which is then implanted into a surrogate mother mouse for
pregnancy. Tetraploid cells will develop into extraembryonic tissues (e.g., placenta) while
the injected ES cells will form the diploid embryo which is born to develop into an adult
mouse. Not until 2009, iPS cells had failed to demonstrate their complete pluripotency by
developing into adult tetraploid-complementation mice. Three groups at the same time
reported the generation of live pups by iPS cells and some of them lived to adulthood.38–40

The success rate of giving rise to tetraploid complementation by iPS cells was similar to that
by ES cells; however, different iPS cell lines were not equally successful in producing viable
offspring, although they are competent for germline transmission through chimeric mice.
Some iPS cell lines showed early termination of fetal development at embryonic day.39

The above evidence suggests that iPS cells are functionally similar if not identical to ES
cells, except that variability occurs among different iPS cell clones, which indicates that
truly reprogrammed iPS cells cannot be easily verified until tetraploid-complementation
assays are conducted. However, hiPS cells cannot be tested via tetraploid complementation.
Therefore, further characterization at molecular levels must be carried out to understand the
level of reprogramming in hiPS cell clones.

3.3. Telomere and telomerase activity of iPS cells
The premature death of Dolly the Sheep was first considered the result of shorter telomere.
Subsequently, other reasons were realized to play an important role in the premature
aging.67,68 A large percentage of nuclear transfer-derived mammals either die during/after
gestation or exhibit shortened lifespans and other abnormalities. This genetic dysregulation
has been considered to be significantly attributed to incomplete or imprecise nucleus
reprogramming leading to imprinting errors associated with epigenetic effects and abnormal
gene expression.69 Different cell types used for nuclear transfer may yield different
outcomes in terms of telomere length. Dolly and another sheep derived from mammary
epithelial cells and embryonic cells, respectively, did not attain full genetic reprogramming
of the nucleus leading to shortened mean telomere restriction fragment lengths, whereas the
third sheep derived from a fibroblast nucleus had normal mean telomere restriction fragment
lengths. Therefore, although the nuclear transfer does not always lead to a precise nuclear
reprogramming, resetting of telomere-based molecular clocks is attainable.69

Regaining telomere length is an important feature to indicate the completeness of
reprogramming of iPS cells. Yamanaka's group showed that high levels of telomerase
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activity were detected by the telomere repeat amplification protocol method in their first
demonstration of the establishment of hiPS cells.1 However, whether or not iPS cells regain
the telomere length that is similar to that in ES cells after reprogramming is unclear. In a
mouse system, Marion et al demonstrated that during reprogramming, telomere elongation is
usually mediated by telomerase and that iPS telomeres acquire the epigenetic marks of ES
cells, including a low density of trimethylated histones H3K9 and H4K20, and increased
abundance of telomere transcripts.70 They also found that while telomerase activity is not
needed to generate iPS cells, reprogramming efficiency of cells derived from increasing
generations of telomerase-deficient mice shows a dramatic decrease in iPS cell efficiency, a
defect that is restored by telomerase reintroduction.

Shiels and Jardine reasoned that regain of telomere length may not be a prerequisite that
determines the lifespan of the cloned animal. However, when using cells derived from
cloned animal embryos for therapeutic purposes, cell transplantation-induced stress may
trigger premature telomere erosion.69 In the same vein, using iPS cells for transplantation
therapies may encounter the same issue if iPS cells do not have sufficient telomere length.

One interesting question regarding the telomere regaining length in iPS cells can be
addressed in the disease state dyskeratosis congenita (DC), a disorder of telomere
maintenance. Agarwal et al asked whether defects in telomerase function would limit
derivation and maintenance of iPS cells from patients with DC. They found that
reprogrammed DC cells overcame a critical limitation in telomerase RNA component levels
to restore telomere maintenance and self-renewal. Reprogramming restores telomere
elongation in DC cells despite genetic lesions affecting telomerase; therefore, strategies to
increase expression of telomerase RNA component may be therapeutically beneficial in DC
patients.71

3.4. Guided differentiation into various tissue-specific cells
In vitro protocols have been developed to guide ES cell differentiation into various cell
types. With the emergence of iPS cells, the protocols for ES cells are being tested for iPS
cell differentiation. The question is whether these protocols will work in the same way for
iPS cells. This review will focus on the discussion of the following guided differentiation of
iPS cells into cells of ectodermal, mesodermal and endodermal origin.

3.4.1. Neurogenesis—Parkinson's disease is a common chronic progressive
neurodegenerative disorder characterized primarily by major loss of nigrostriatal
dopaminergic neurons. Wernig and colleagues used a mouse model and demonstrated that
iPS cells can be guided to differentiate into neural precursor cells efficiently, giving rise to
neuronal and glial cell types in cultures. Upon transplantation into the fetal mouse brain, the
cells migrated into various brain regions and differentiated into glia and neurons, including
glutamatergic, GABAergic, and catecholaminergic sub-types.72 These grafted neurons had
mature neuronal activity and were functionally integrated in the host brain. Furthermore, iPS
cell-derived dopamine neurons transplanted into a rat model of Parkinson's disease improved
behavior. To avoid the risk of tumor formation from the grafted cells, the authors used
fluorescence-activated cell sorting to deplete SSEA1-positive cells, and they did not observe
the occurrence of teratoma formation in vivo while exhibiting desired functions in their
studies.72

Soldner et al further demonstrated that iPS cells reprogrammed from the DFs of five
Parkinson's disease patients can be guided to differentiate into dopaminergic neurons (Figure
2).4 The viral vectors carrying the reprogramming factors in these iPS cells were removed
using a Cre-recombinase excisable viral vector system. Transgene-free iPS cells maintain a
pluripotent state and show a global gene expression profile, more closely related to hES cells
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than to hiPS cells that carry the transgenes.4 Using a 6-OHDA lesioned rat model (induced
Parkinson's disease), Cai et al showed that hiPS cells were able to differentiate into
dopaminergic neurons and survive in the 6-OHDA rat brain expressing midbrain
dopaminergic neuron precursor cell markers. However, no significant recovery from
induced Parkinson's disease symptoms were observed.73

A study by Hu et al investigated neural differentiation comparing hES H9 line with several
hiPS cell lines derived from dermal or lung fibroblasts from donors of various ages.74 These
hiPS cell lines either carried the transgenes or without the transgenes (reprogrammed by
Yamanaka's or Thomson's four factors). Cells were converted to neuroepithelial cells,
functional neurons, glia, or neuronal subtypes (motor neurons), and the results showed that
all iPS cell lines tested followed developmental principles as hES cells but with variable
potency (Figure 3).74 hiPS cells could also be differentiated to form motor neurons with a
similar efficiency as hES cells. The differentiation of iPS cells appeared to follow a normal
developmental progression associated with motor neuron formation and possessed
prototypical electrophysiological properties.75

These proof-of-principle studies shed light on the possibility of using a patient's own cells to
treat Parkinson's disease and motor neuron diseases.

3.4.2. Hematopoietic and endothelial cell derivation from iPS cells—Protocols
that have been used to guide the differentiation of hES cells into hematopoietic and
endothelial cell lineages were tested on iPS cells. When an OP9 differentiation system was
employed, multiple human iPS cell lines obtained from human fetal, neonatal and adult
fibroblasts through reprogramming with Thomson's four factors showed similar
differentiation potential, with some variations, compared to five hES cell lines.76 Another
protocol using an embryoid body-mediated approach that has been used to guide the
differentiation of hES cells into hemangioblastic lineage, a bipotential progenitor of
endothelial and hematopoietic cell lineages, was tested on multiple lines of hiPS cells
derived by Thomson's as well as by Yamanaka's four factors. While hiPS cells are capable
of generating hemangioblasts/blast cells, endothelial cells and hematopoietic cells similar to
those derived from hES cells, the efficiency is dramatically lower. Also, there is
significantly increased apoptosis, severely limited growth and expansion capability, as well
as a substantially decreased hematopoietic colony-forming capability and early senescence
of endothelial cells.77 The variation of iPS cell lines on hematopoietic differentiation was
also noted by Chang et al in their studies on globin phenotype of erythroid cells.78 In the
mouse system, iPS cells derived from embryonic fibroblasts appeared to be more potent to
generate hematopoietic cells than those derived from adult cells.79

3.4.3. iPS cell-derived skeletal muscle cells—Mizuno et al demonstrated that miPS
cells have the potential to develop in vitro into skeletal muscle stem/progenitor cells, which
are almost equivalent to the potential of mES cells.80 Transplanting these cells into mdx
mice, a well-known model for Duchenne muscular dystrophy, led to sustained myogenic
lineage differentiation in injured muscles, while providing long-lived muscle stem cell
support (24 weeks of experimental observation).80 These data suggest that iPS cells have the
potential to be used in the clinical treatment of muscular dystrophies, especially as a large
number of cells may be needed for this type of therapy. Adult stem cells are unlikely to
fulfill this requirement compared to iPS cells.

3.4.4. Hepatocytes from iPS cells—Recent evidence has revealed that iPS cells can
become fully functional endodermal-derived hepatocytes, demonstrating the true potential of
iPS cells for the field of hepatology. iPS cell-derived hepatocytes not only hold promise in
therapeutic applications but also facilitate the study of molecular and genetic aspects of
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human hepatic disease and development. Additionally, they provide a platform for drug
toxicity screening and identification of novel pharmaceuticals with potential to treat a wide
array of metabolic diseases.81–83

Sullivan et al have shown that iPS cell lines representing both male and female sexes and
two ethnic origins can be differentiated to hepatic endoderm at efficiencies of between 70%
and 90%.82 The iPS cell-derived hepatic endoderm or hepatocytes exhibit hepatic
morphology, express the essential hepatic markers and produce/secrete proteins (e.g., α-
fetoprotein), characteristics of functional hepatocytes.82 Similar results were found by Si-
Tayeb et al that hepatocyte-like cells derived from either hES cells or hiPS cells express a
series of genes encoding phase I and phase II enzymes (characteristic of a fully
differentiated hepatocyte). However, the levels of expression of these enzymes were lower
in most cases when compared with adult liver samples.83

Taken together, it appears that further studies of large numbers of individual iPS cell lines or
clones are needed to understand the extent of variation in differentiation potential that is
related to the effects of cell origin or reprogramming methods, especially with regard to any
clinical applications. Additionally, iPS cell-derived differentiated cells must be able to fully
mature into differentiated cells and have equivalent functions to the naturally formed tissue
cells. Fine tuning of the differentiation protocols is needed to achieve these desired goals.

4. iPS Cells for Cell-based Therapy
Although many types of adult stem cells are multipotent and have been rigorously
investigated as to their capacity in tissue regeneration, the pluripotency of ES cells that can
generate all cell types is unparalleled by adult stem cells. Additionally, the adult stem cell
source and lifespan are limited and therefore insufficient in number to regenerate sizable
tissues or organs. Since the isolation of hES cells in 1998 by Thomson's group, significant
efforts have been made to determine how hES cells can be utilized for clinical applications.
However, the clinical trial using hES cells so far is limited to treating spinal cord injury.
Although it was approved by the U.S. FDA in 2009, it has been put on hold due to cyst
formation in tested animals. After reviewing new data from animal studies, the FDA
reapproved the clinical trial in July 2010. Cell-based therapy can be categorized into the
clinical needs and applications detailed below.

4.1. Hematopoietic cell therapy to treat blood diseases
A proof-of-principle demonstration by Hanna et al in the use of iPS cells to treat a blood
disease is the sickle cell anemia mouse model.84 Sick mice were rescued after
transplantation with hematopoietic progenitors obtained in vitro from autologous iPS cells
with genetic correction of the sickle hemoglobin allele. Similarly, in a human model, Raya
et al showed that, on correction of the genetic defect, somatic cells from Fanconi anemia
patients can be reprogrammed into pluripotency to generate patient-specific iPS cells.85

These cell lines appear indistinguishable from hES cells and iPS cells from healthy
individuals. Corrected Fanconi anemia-specific iPS cells can give rise to hematopoietic
progenitors of the myeloid and erythroid lineages that are phenotypically normal and
disease-free. These data indicate that iPS cell technology can be used for the generation of
disease-corrected, patient-specific cells with potential value for cell therapy applications.85

4.2. Tissue regeneration to repair lost organs/tissues
While cell-based therapy to repair tissues is more complicated and riskier than non-cell-
based therapy, it may be the best option when defected size reaches a point that non-cell-
based regeneration cannot repair. Tissue transplant from autologous or allogenic sources has
been the most popular mode of treatment to repair lost organs/tissues. However, donor site
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morbidity is the major shortcoming. The utilization of postnatal or adult stem cells for tissue
engineering to regenerate organs/tissues has provided an alternative to tissue transplant.
Multipotent stem cells, especially of mesenchymal origin, have drawn much attention
recently because of their potential to give rise to different cell lineages, including
osteogenic, chondrogenic, adipogenic, neurogenic and myogenic cells. The source of these
MSCs has expanded dramatically in the past decade from bone marrow to adipose tissue,
umbilical cord blood, and amniotic fluid.86,87 Specific tissues also harbor MSCs. Some,
such as dental pulp tissues, may give rise to a large number of cells from a small volume of
tissue due to its high capacity of population doubling.88 While MSCs are versatile, their
population doublings are still limited. No matter how many sources MSCs can be obtained
from, the ultimate problem lies in their limited lifespan. Since ES or iPS cells are potentially
immortal, they are an unlimited cell source for tissue regeneration. ES cells have been tested
as a cell source to regenerate a variety of tissues under the framework of tissue
engineering.89–91 Shifting from the use of ES cells to iPS cells in the same context is
obviously the next step.92

5. iPS Cells for Studying Disease Mechanism
One important attribute of iPS cells is their use in the study of disease mechanisms. iPS cells
may be generated from patients with specific types of diseases and the disease mechanisms
studied in vitro.93

5.1. iPS cells from cells of genetic disease
Park et al proposed to generate iPS cells from patients with a variety of genetic diseases of
Mendelian or complex inheritance, including adenosine deaminase deficiency-related severe
combined immunodeficiency (ADA-SCID), Shwachman-Bodian-Diamond syndrome
(SBDS), Gaucher disease type III, Duchenne muscular dystrophy, Becker muscular
dystrophy, Parkinson's disease, Huntington's disease, juvenile-onset type I diabetes mellitus,
Down syndrome/trisomy 21, and the carrier state of Lesch-Nyhan syndrome.94 Such
disease-specific iPS cells are an excellent tool for the study of both normal and pathologic
human tissue formation in vitro, allowing investigations of disease mechanisms and drug
development. Park et al obtained patient-derived somatic cells and were able to reprogram
them into iPS cells with defined factors (Oct4, Sox2, Klf4 and c-Myc) or three
reprogramming factors (minus c-Myc).94

iPS cells generated from patients with single-gene disorders allow experimentation on the
diseased cells in vitro. More importantly, the defected gene may be repaired ex vivo and the
correct cells transplanted back into the host. Sickle cell leukemia is the best example for this
potential clinical application. Diseases caused by point mutations in genes that are inherited
in a classical Mendelian manner as autosomal recessive congenital disorders, such as ADA-
SCID, SBDS and Gaucher disease type III, may all be thoroughly verified of their genotypic
characteristics after generation of respective iPS cells. As for Parkinson's disease and
juvenile-onset type I diabetes mellitus, which are conditions that lack a defined genetic
basis, genotypic verification is impossible at this time.94

5.2. Cancer-iPS cells
Miyoshi et al reprogrammed cancer cells of endodermal origin, including esophageal,
stomach, colorectal, liver, pancreatic and cholangiocellular cancer cells.95 The
reprogrammed cancer-iPS cells, termed pluripotent cancer (iPC) cells by the authors,
possessed the potential to express morphological patterns of ectoderm, mesoderm and
endoderm, but not parental cells. iPC cells showed slow proliferation and were sensitized to
differentiation-inducing treatment, and in vivo tumorigenesis was reduced in NOD/SCID
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mice. Additionally, the tumor-suppressor gene P16(INK4A) was repressed in iPC cells
while its expression increased in differentiated iPC cells. This study suggests that the
reactivation of tumor suppressor genes by reprogramming may play a role in increased
chemosensitivity to fluorouracil and the regression of cell proliferation and invasiveness
under differentiation-inducing conditions.95

In the same vein, Carette et al asked the question of whether cancer cell lines can be
reprogrammed into iPS cells. They tested KBM7 cells derived from blast crisis stage chronic
myeloid leukemia. A near-diploid subclone of KBM7 cells carrying a Philadelphia
translocation was used. They infected KBM7 cells with retroviruses expressing the four
Yamanaka factors. The cancer-iPS cells formed teratomas containing tissues representing all
three germ layers with structures resembling embryonal carcinoma.96 With these KBM7-iPS
cells, the authors explored the mechanism of dependency of the cancer cells on BCR-ABL
signaling. This dependency forms the basis for successful clinical suppression of disease by
imatinib which inhibits the signaling. They found that in contrast to parental KBM7 cells,
the two KBM7-iPS cell lines they generated were completely resistant to imatinib. Loss of
oncogene addiction was observed in iPS cells but also in neuronal cells or fibroblast-like
cells derived from one of the two iPS cell lines. KBM7-iPS cells could differentiate into
hematopoietic lineages expressing CD34, CD43 and CD45. However, addition of imatinib
reduced the number of cells that were positive for the hematopoietic markers. These
experiments indicate that the process of reprogramming can abolish BCR-ABL dependency,
which is restored by differentiation into the hematopoietic lineage.96

Taken together, iPS cells created from cancer cells can serve as a useful tool to understand
the effectiveness of cancer drugs and to explore the molecular mechanisms in cancer
development, especially those that control certain cancer signatures that are lost after
reprogramming and reappear after differentiation into the specific cell lineage.

6. Current Issues on iPS for Therapeutic Use
6.1. Use of vectors

Forced expression of exogenous genes is often accomplished by delivering the genes by
viral vectors. Stable integration of exogenous genes into the genome gives long-term effects.
As in the generation of iPS cells, both vector systems used by Yamanaka's (retroviral
vectors) and Thomson's (lentiviral vectors) groups successfully exerted their effects.
However, integrating viral vectors with strong promoter driving the exogenous genes in the
cells prevents their clinical applications. Interestingly, the exogenous genes carried by the
retroviral vectors used by Yamanaka's group were downregulated when iPS cells were fully
reprogrammed, whereas the exogenous genes carried by the lentiviral vectors generated by
Thomson's group continued to express at various levels after iPS cells complete the
reprogramming. The constant high levels of exogenous four factor gene expression do not
seem to affect cell differentiation because teratomas were formed by these iPS cells,
although preferential formation of certain types of tissues in the teratomas was observed.3
Whether this phenomenon affects other behaviors of these iPS cells requires further
investigation.

Tremendous efforts have been made to deliver the defined factors without having viral
vector integration. The approaches include transient expression using adenoviral or nonviral
vectors,8,23 non-integrating episomal vectors,7 and removing the integrated vectors using
piggyBac transposition or loxP/Cre-recombinase excisable viral vector system.4–6,8

Completely circumventing the use of vectors by delivery of recombinant protein-based four
factors to generate iPS cells in the mouse and human systems has been reported.9,10
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Unfortunately, the protein transduction method is extremely difficult and time-consuming at
present. Further improvement of this approach is urgently needed.

Complete replacement of genes or gene products by chemicals is an alternative approach.
Small molecule screening by an established mouse cell line carrying a reporter gene (e.g.,
Oct4-GFP) was able to filter out a list of chemicals that are able to induce pluripotency by
substituting some of the four genes.12–14 Currently, only the chemicals that interfere with
transforming growth factor-β signaling (RepSox or Alk5 inhibitor) is proven to be capable
of replacing Sox2 and c-Myc.15,97,98 Although the evidence showing a total replacement of
the four factors by chemicals has not been reported, it is anticipated that this may emerge in
the future. It should be noted that chemical stimulation may cause unwanted side effects.

6.2. Difference between iPS and ES cells
The ground state of ES cells is considered as the gold standard for pluripotency. The
mechanism underlying this ground state is being rigorously studied. While there are other
means to acquire pluripotency, such as parthenogenesis, using defined factors to generate
iPS cells is the most feasible means to generate pluripotent cells for clinical applications.
Due to its simplicity, in terms of using just a few factors to turn the entire cellular state
around, it is questionable as to whether iPS cells really reach a true ground state as ES cells.
Generation of live pups from mouse iPS cells through a tetraploid-complementation
approach implies that iPS cells are indeed very similar to ES cells. However, recent
evidence showed that iPS cells conserve some “memory” of the original cells. Since iPS cell
derivation involves epigenetic reprogramming, it is considered that this memory may be
determined by the epigenetic status.

It is not clear at present whether iPS cells derived from different types of cells behave in the
same manner. More importantly, iPS cells from different cell types may also be different in
their abilities to undergo guided differentiation into specialized cells compared to ES cells.99

It has been noted that differences occur between the iPS cells generated from different cell
types, e.g., mesenchymal versus endodermal origin, in terms of the kinetics of
reprogramming and the outcomes of the generated chimeric mice.100 Doi et al analyzed the
DNA methylation patterns on a genome-wide scale and found substantial hypermethylation
and hypomethylation of cytosine-phosphate-guanine (CpG) island shores in nine human iPS
cell lines compared to their parental fibroblasts.44 The differentially methylated regions
(DMRs) in the reprogrammed cells (denoted R-DMRs) were significantly enriched in tissue-
specific (T-DMRs) and cancer-specific (C-DMRs) DMRs. Although the iPS cells are
derived from fibroblasts, their R-DMRs can distinguish between normal brain, liver and
spleen cells and between colon cancer and normal colon cells. Many DMRs are broadly
involved in tissue differentiation, epigenetic reprogramming and cancer.44 A recent paper by
Kim et al has shown that iPS cells derived by factor-based reprogramming of adult murine
tissues harbor residual DNA methylation signatures characteristic of their somatic tissue of
origin, which favors their differentiation along lineages related to the donor cell, while
restricting alternative cell fates.41 Polo et al confirmed this finding and further noted that the
differences among iPS cells derived from different cell types diminished at passage 16 of
miPS cells.42

These findings suggest the need for understanding the epigenetic characteristics of hiPS
cells as one important aspect of iPS cell biology before they may be used for clinical
applications. iPS cells should be generated from various easily accessible human tissues and
characterized thoroughly. Because the dental stem cells derive from ectomesenchyme,101,102

it is possible that iPS cells derived from cells of this tissue have the propensity to
differentiate into oral, craniofacial and especially neural and odontogenic tissues under the

Huang Page 12

J Exp Clin Med. Author manuscript; available in PMC 2012 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



appropriate stimulus. Recent data from our laboratory showed that dental stem cell-derived
iPS cells appear to form predominantly ectodermal neural tissues in teratomas (Figure 4).

Fine tuning of reprogramming of iPS cells toward the gold standard pluripotent state is
another important aspect in this field of research as evidence has shown that the standard
three-/four-factor approach is not ideal. Han et al reported that transcription factor Tbx3
significantly improves the quality of iPS cells. iPS cells generated with Oct4/Sox2/Klf4 plus
Tbx3 (OSKT) are superior in both germ-cell contribution to the gonads and germ-line
transmission frequency. Global gene expression profiling, however, could not distinguish
between OSK and OSKT iPS cells. This study suggests that intrinsic qualitative differences
exist between iPS cells generated by different methods. Therefore, further studies not
limited to in vitro settings to characterize iPS cells generated from different reprogramming
approaches are needed.103

6.3. Feasible cell types for iPS cell generation
DFs are considered a feasible cell type to acquire. The procedures involve a 3–6 mm dermal
biopsy punch from the arm or thigh and require 2–3 stitches leaving behind a scar. It is not a
discarded tissue. A recent report demonstrated that fibroblasts from oral mucosa can be
reprogrammed into iPS cells.36 For a similar purpose, oral tissue biopsy of the same size
does not leave behind a scar (Figure 5). Skin keratinocytes can also be easily accessed and
appear to be a good cell source to produce iPS cells.30 However, culturing keratinocytes is
more technically sensitive and procedurally demanding than fibroblasts. Blood cell is
another easily obtainable cell type for iPS cell generation. Again, it requires isolation of
CD34 subpopulation for successful reprogramming.27 Other types of cells, although shown
to be good cell sources for iPS generation, are not feasible to obtain, such as intestinal
epithelial cells, hepatocytes, neural stem cells, and bone marrow cells. Therefore,
considering the above analysis, oral mucosa fibroblasts appear to be the best cell source for
iPS cell derivation in terms of accessibility and absence of scar formation postsurgically.

There are also a number of discarded tissues/fluids regarded as biomedical waste that can
serve as a source for iPS cell reprogramming, such as amniotic fluid, umbilical cord,
foreskin, adipose tissues and shed or extracted teeth. Dental tissues derived from
ectomesenchyme harbor mesenchymal-like stem/progenitor cells, including dental pulp stem
cells (DPSCs), stem cells from exfoliated deciduous teeth (SHED), stem cells from apical
papilla (SCAP), periodontal ligament stem cells and dental follicle precursor cells
(DFPCs).88 Our laboratory has shown that DPSCs, SHED and SCAP can be reprogrammed
into iPS cells at a higher rate than fibroblasts.35 Dental stem cells from teeth are
mesenchymal-like stem cells and are different from other MSCs in many aspects.88 The
frequency of colony-forming cells derived from dental pulp tissue (22–70 colonies/104 cells
plated) is higher than that of MSCs from bone marrow (2.4–3.1 colonies/104 cells
plated).104 They proliferate rapidly in culture with an average population doubling time of
∼20 hours105 and can reach a population doubling of up to 100 or more before
senescence.106 In addition, from our unpublished work along with the reported, DPSCs and
SHED already express a number of ES cell-associated genes such as c-Myc, Oct4, Nanog,
SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81 at low levels,107,108 which may facilitate the
reprogramming. SHED are from children shedding teeth around the ages of 6–12 years.
SCAP and DPSCs are from third molars from young individuals aged 16–22 years. These
age groups contain more immature cells suitable for reprogramming purposes.

7. Conclusion and Prospects
Without a doubt, the invention of iPS cells opened a new page for medicine. It is also a giant
leap on a multitude of perspectives for cell and molecular biology. Using manageable
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defined factors instead of the abysmal number of nuclear and cytoplasmic factors in the
oocyte needed to reprogram cells into pluripotency (nuclear transfer), it provides a simple
starting point to ask the question as to how a somatic cell can be reversed to a pluripotent
state. At present, little is known regarding the mechanisms involved during the
reprogramming process.109 There is a large void in our knowledge base when attempting to
investigate the underlying mechanisms. It is inevitable that the intracellular mechanisms of
the reprogramming process needs to be studied. In the meantime, further characterization of
iPS cells for the purpose of clinical applications is what is expected by the public and is the
ultimate driving force for this field of research. To this end, the following goals must be
reached: (1) generating fully reprogrammed iPS cells using effective non-vector approaches;
(2) elucidating molecular mechanisms involved in the reprogramming process by defined
factors; (3) genome-wide characterization of iPS cells derived from different cell types in
comparison with ES cells genetically and epigenetically; (4) establishing reliable protocols
to guide iPS cells toward differentiated cells for specific tissue regeneration and
understanding the cause of variability among iPS cell clones during differentiation; and (5)
determining the genomic stability of iPS cells in long-term cultures in order to address the
safety issues in clinical applications.
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Figure 1.
Emergence of embryonic stem (ES) cell-like colonies. Dental pulp stem cells (DPSCs) or
stem cells from exfoliated deciduous teeth (SHED) were transduced with the five factors (c-
Myc, Klf4, Oct4, Sox2 and Nanog) each carried by the pLenti6.2/C-Lumio/V5-DEST vector
system. Trasduced cells were then seeded onto the feeder cell layer of human foreskin
fibroblasts (hFFs). (A, B) Twenty-five days after transduction of DPSCs, ES-like colonies
began to emerge. However, cells eventually underwent cell death. (C, D) Twenty-one days
after transduction of SHED. After being passaged once, shown in (C), cells began dying off
33 days after transduction, (passage 3) shown in (D). Note: pluripotent-associated gene
expression was negative in the colonies represented in (C).
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Figure 2. (A) In vitro differentiation of induced pluripotent stem cells
(a) The undifferentiated Oct4-selected iPS cell line O9. (b) FGF2-responsive neural
precursor cells. (c) Differentiated neural morphologies 7 days after growth factor
withdrawal. (d) A fraction of β-III-tubulin positive neurons (red) are double-labeled with
antibodies against TH (green, yellow in merged image), 7 days after growth factor
withdrawal. (e, f) At this stage, also, many GFAP-positive astrocytes (red) (e) and rare 04-
positive oligodendrocytes (f) are found. (g) The fraction of TH-positive cells over β-III-
tubulin positive cells increases along neuronal maturation (mean and standard deviation,
three independent experiments). (h) The vast majority of TH-immunoreactive cells
coexpress En1, Pitx3, and Nurr1 (mean, standard deviation). (i) Coexpression of En1 (green)
and TH (red). (j) VMAT2 and TH [purple in the merged image indicates colocalization of
TH (red) and VMAT2 (blue)]. (k, l) Most TH-positive cells (red) are also positive for Pitx3
(green) (k), and Nurr1 (green) (l) after 7 days of neuronal differentiation. [Scale bars: (a, b)
200 μm; (c, d, i, j) 100 μm; (e, k) 50 μm; (f, l) 20 μm.] (B) Synaptic integration of functional
iPS cell-derived neurons into the host brain. (a) GFP-immunofluorescence allows the high
resolution characterization of dendritic morphologies of transplanted neurons. (b) Higher
magnification of the indicated part in a suggests the presence of synaptic spines along this
dendrite. (c) Integrated GFP-positive neurons are adjacent to many synaptophysin-positive
patches (red), indicating synaptic contacts from host axon terminals. (d) A GFP-expressing
neuron (arrow) in the dorsal midbrain was detected in acute brain slices of a P20 mouse
brain after in utero transplantation. (e) GFP-positive neurons were identified by infrared
differential interference contrast (arrow) and approached by a recording electrode (left). The
trace indicates spontaneous generation of action potentials. (f) Voltage-clamp recording at
−70 mV in extracellular solution containing 3 mM Mg2+. Traces show spontaneous slow
and fast currents that indicate that this transplanted neuron receives synaptic contacts from
host cells. All six recorded GFP-positive neurons from two mice (age P20 and P22)
exhibited similar spontaneous currents. (g) Current-clamp recordings during current
injection. Shown are superimposed membrane potential changes (upper traces, red), which
demonstrates the capability of the grafted neurons to fire action potentials in response to a
series of current injection (lower traces, black) from a holding potential of −68 mV. All six
analyzed GFP-neurons showed these active membrane characteristics. (Scale bars: 20 μm.)
(Adapted with permission from reference 72.)

Huang Page 22

J Exp Clin Med. Author manuscript; available in PMC 2012 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Human iPS and hES cells follow the same temporal course of neural differentiation. (A)
Phase contrast images show that hES and iPS cells grew as individual colonies,
differentiated to columnar epithelial cells at days 8–10, and formed neural tube-like rosettes
at day 15. (B) Both iPS and hES cells were positive for Oct4 at day 0, for Pax6 but not Sox1
at days 8–10, and for both Pax6 and Sox1 at day 15. (C) FACS analyses indicate that
differentiating cells from H9 hES, iPS(IMR90)-1 and 4, iPS-M4-10, iPS-DF6-9–12, and
iPS109 cells began to generate Pax6-expressing cells at days 6–8, and this reached a plateau
at day 14 but with different efficiency. Shown are curves of the average from three
replicates for each cell line. (D, E) By 12 weeks in culture, many MAP2+ neurons also
expressed synapsin; higher magnification indicated a punctuate staining pattern on the cell
bodies and neurites. (F) GFAP+ astrocytes were present in differentiated cultures at 12
weeks. (G) O4 + ramified oligodendrocytes were observed in cultures after 16 weeks.
Except when noted elsewhere, images of iPS cells are presented with iPS(IMR90)-4 in this
and the following figures. (Scale bar: 50 μm.) (Adapted with permission from reference 74.)
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Figure 4.
Histological analysis of teratomas derived from: (A, B) SCAP-iPS; and (C, D) SHED-iPS
cells. Predominant primitive neural tissues, neural rosettes and retinal epithelium (ectoderm)
is shown. (D) β-III-tubulin stain (brown color). [Scale bars: (A–C) 1 mm; (D) 200 μm.] (iPS
cells at passages 11–17 were used for teratoma formation in this representative experiment.)
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Figure 5.
Excision of oral mucosal tissue by punch biopsy. (A) Buccal surface immediately after
dissection of oral mucosal tissue from the cheek of the volunteer by punch biopsy. (B)
Wound closure. The wound was closed by two stitches of suture (day 0). (C) Buccal surface
3 days after surgery. The wound healed almost completely without a scar. (D) Buccal
surface 8 days after surgery. The wound healed completely and became indistinguishable
from the surrounding tissue. (Adapted with permission from reference 36.)
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