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reprogramming process and subsequent culture of iPS
cells in vitro can induce genetic changes. Three types of
genomic abnormalities were seen: aberrations of somatic
cell origin, aberrations present in early passages but not
of apparent somatic cell origin, and aberrations acquired
during passaging. Notably, the high incidence of chromo-
some 12 duplications observed by Mayshar and colleagues
[69] caused significant enrichment for cell cycle-related
genes, such as NANOG and GDF3. Another study
reported that regions close to pluripotency-associated
genes were duplicated in multiple samples [70]. Selection
during hiPS cell reprogramming, colony picking and
subsequent culturing may be factors contributing to the
accumulation of mutations.

Impact of epigenetic differences on pluripotency
One of the goals of using hiPS cells is to generate
functional target cells for medical screening and thera-
peutic applications. For these applications, it must be
evaluated thoroughly whether small DMRs among ES
and iPS cells affect the competency, differentiation
propensities, stability and safety of iPS cells. It remains to
be elucidated how the degree of these differences
contributes to the variance in pluripotency among ES
and iPS cells. Analysis of iPS cells obtained from mouse
fibroblasts and hematopoietic and myogenic cells
demonstrated that cellular origin influences the potential
of miPS cells to differentiate into embryoid bodies and
different cell types in vitro. In a related study, Kim and
colleagues [56] compared the ability to differentiate to
blood lineages of iPS cells derived from fibroblasts,
neural cells, hematopoietic cells and ES cells in the mouse
system, and demonstrated consistent differences in
blood-forming ability - that is, blood derivatives showed
more robust hematopoiesis iz vitro than neural deriva-
tives. Therefore, low-passage iPS cells derived from differ-
ent tissues harbor residual DNA methylation signatures
characteristic of their somatic tissue of origin, which
favors their differentiation along lineages related to the
parental cell, while restricting alternative cell fates.
Similarly, Miura and colleagues [71] demonstrated that
differences in gene expression in miPS cells derived from
different types of parental cells result in variations in
teratoma formation. These studies demonstrate that re-
programming to generate iPS cells is a gradual process
that modifies epigenetic profiles beyond the acquisition
of a pluripotent state.

Prediction for pluripotency and differentiation
preference

Significant variation has been also observed in the differ-
entiation efficiency of various hES cell lines [72].
Incomplete DNA methylation of somatic cells regulates
the efficiency of hiPS$ cell generation [58], and selection
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of parental cell types influences the propensity for
differentiation [73,74]. Such differences must be better
understood before hES and hiPS cell lines can be confi-
dently used for translational research. To predict a cell
line’s propensity to differentiate into the three germ
layers, Bock and colleagues [52] performed DNA methy-
lation mapping by genome-scale bisulfite sequencing and
gene expression profiling using microarrays and quanti-
fied the propensity to form multiple lineages by utilizing
a non-directed embryoid bodies formation assay and
high-throughput transcript counting of 500 lineage
marker genes in embryoid bodies using 20 hES cells lines
and 12 hiPS cell lines over passages 15 to 30. They bio-
informatically integrated these genomic assays into a
scorecard that measures the quality and utility of any
human pluripotent cell line. The resulting lineage score-
card pinpoints quantitative differences among cell-line-
specific differentiation propensities. For example, one
hES cell line that received a high score for endoderm
differentiation performed well in directed endoderm
differentiation, and other hES cell lines that received high
scores for neural lineage differentiation efficiently differ-
entiated into motor neurons. In addition, two hiP$ lines
that the scorecard predicted to have a low propensity to
differentiate into the neural lineage were impaired in
motor neuron-directed differentiation. On the other
hand, other hiPS lines that the scorecard predicted to
have a high propensity to differentiate into ectodermal
and neural lineages were found to differentiate well into
motor neurons. Therefore, the scorecard can detect
lineage-specific differences in the differentiation propen-
sities of a given cell line [52].

Functional assay for differentiated cells from iPS
and ES cells

Although the propensity for differentiation could be
predicted, it remains to be elucidated whether iPS cell-
derived cells are functionally and molecularly the same as
ES cell-derived cells. To address this issue, two studies
conducted functional assays comparing differentiated
neural cells derived from iP$ cells to those derived from
ES cells by marker gene expression and action potential
measurements [75,76]. There was some variation in
efficiency and quantitative differences in motor neuron
generation among the lines, but the treatment of neuro-
epithelial cells from pluripotent stem cells with retinoic
acid and sonic hedgehog resulted in the generation of iP§
and ES cell lines with a neuronal morphology that
expressed TUJ1. In addition, electrophysiological record-
ings using whole-cell patch clamping showed inward and
outward currents, and it was concluded that ES cell- and
iPS cell-derived neurons are similarly functional at a
physiological level. These studies demonstrated that the
temporal course and gene-expression pattern during
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Figure 2. Workflow for human iPS cell applications. 1. Selection: choosing donor parent tissue considering accessibility, efficiency of
reprogramming, and differential propensity. It would be useful to evaluate the expression of somatic memory genes, such as C9orfé4, which
reduces the efficiency of induced pluripotent stem (iPS) cell generation [58]. 2. Showcasing/evaluation: provides annotated information on
reprogramming methods, culture conditions, physical data on stem cells, and global data on DNA methylation, transcription and microRNAs
{(miRNAs). Itis very informative to integrate the genetic and epigenetic and biological data, such as differential propensity [52,76]. 3. Application:
using annotation data, we can select the most appropriate iPS cell lines for our applications. Various hiPS cel! lines (shown as differently shaded
spheres) would be listed before further processing of the application. Valid cell lines (colored purple and blue) could be functionally and
molecutarly selected for appropriate applications, such as cell replacement therapy and/or drug screening.

Annotations;

= reprogramming methods

« physical data
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neuroepithelial cell differentiation and production of
functional neurons were nearly identical between ES and
iPS cells, regardless of the reprogramming method, cellular
origin, and differences between iPS and ES cells. These find-
ings raise hopes of applying human iPS cells to the model-
ing of diseases and potential autologous cell transplantation.

It is important to acquire scientific information on
pluripotential stem cells for further applications, such as
industrial and clinical uses. Pluripotent stem cells,
including disease-specific stem cells, could be showcased
with useful annotation data and the most appropriate cell
lines could be selected (Figure 2).

Conclusion

Many issues have yet to be resolved before the results of
stem cell research can benefit the public in the form of
medical treatments. In this review, we have discussed the
substantial variation observed among pluripotent stem
cells, including transcriptional and epigenetic profiles in
the undifferentiated state, the ability to differentiate into
various types of cells, and the functional and molecular
nature of embryoid body or stem cell-derived differentiated

cells. These results suggest that most, but not all, iPS cell
lines are indistinguishable from ES cell lines, even though
there is a difference between the average ES cell and the
average iPS cell. Thus, ES and iPS cells should not be
regarded as one or two well-defined points in the cellular
space but rather as two partially overlapping point clouds
with inherent variability among both ES and iPS cell lines
[52,76]. Notably, human iPS cells seemed to be more
variable than human ES cells. No single stem cell line
may be equally powerful for deriving all cell types in
vitro, implying that researchers would benefit from
identifying the best cell lines for each application.
Furthermore, for clinical use in the future, it is important
to use both ES and iPS cells in research, and to standard-
ize reprogramming methods, culture equipment and
techniques and to optimize differentiation methods and
evaluate the functions and tumorigenicity of differen-
tiated cells.

p
’ This article is part of a review series on Induced pluripotent stem cells.
i Other articles in the series can be found online at

i http://stemcellres.com/series/ipsc
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