
     

       

      

     

        

      

      

 
  

     

 

 

    10. the�pRomIse�of�InduCed 
pluRIpotent�stem�Cells�(ipsCs) 

Charles A. Goldthwaite, Jr., Ph.D. 

I n 2006, researchers at Kyoto University in Japan 
identified conditions that would allow specialized 
adult cells to be genetically “reprogrammed” 

to assume a stem cell-like state. These adult cells, 
called induced pluripotent stem cells (iPSCs), were 
reprogrammed to an embryonic stem cell-like state 
by introducing genes important for maintaining the 
essential properties of embryonic stem cells (ESCs). Since 
this initial discovery, researchers have rapidly improved 
the techniques to generate iPSCs, creating a powerful 
new way to “de-differentiate” cells whose developmental 
fates had been previously assumed to be determined. 

Although much additional research is needed, 
investigators are beginning to focus on the potential 
utility of iPSCs as a tool for drug development, 
modeling of disease, and transplantation medicine. 
The idea that a patient’s tissues could provide him/ 
her a copious, immune-matched supply of pluripotent 
cells has captured the imagination of researchers 
and clinicians worldwide. Furthermore, ethical issues 
associated with the production of ESCs do not apply 
to iPSCs, which offer a non-controversial strategy 
to generate patient-specific stem cell lines. As an 
introduction to this exciting new field of stem cell 
research, this chapter will review the characteristics of 
iPSCs, the technical challenges that must be overcome 
before this strategy can be deployed, and the cells’ 
potential applications to regenerative medicine. 

“�RepRogRammIng”�Cells:�aChIevIng� 
pluRIpotenCy 

As noted in other chapters, stem cells represent a 
precious commodity. Although present in embryonic 
and adult tissues, practical considerations such as 
obtaining embryonic tissues and isolating relatively 
rare cell types have limited the large-scale production 
of populations of pure stem cells (see the Chapter, 
“Alternate Methods for Preparing Pluripotent Stem 

Cells” for details). As such, the logistical challenges 
of isolating, culturing, purifying, and differentiating 
stem cell lines that are extracted from tissues have 
led researchers to explore options for “creating” 
pluripotent cells using existing non-pluripotent cells. 
Coaxing abundant, readily available differentiated cells 
to pluripotency would in principle eliminate the search 
for rare cells while providing the opportunity to culture 
clinically useful quantities of stem-like cells. 

One strategy to accomplish this goal is nuclear repro-
gramming, a technique that involves experimentally 
inducing a stable change in the nucleus of a mature 
cell that can then be maintained and replicated as 
the cell divides through mitosis. These changes are 
most frequently associated with the reacquisition of 
a pluripotent state, thereby endowing the cell with 
developmental potential. The strategy has historically 
been carried out using techniques such as somatic 
cell nuclear transfer (SCNT),1,2 altered nuclear transfer 
(ANT),3,4 and methods to fuse somatic cells with ESCs 5,6 

(see “Alternate Methods for Preparing Pluripotent 
Stem Cells” for details of these approaches). From 
a clinical perspective, these methods feature several 
drawbacks, such as the creation of an embryo or the 
development of hybrid cells that are not viable to treat 
disease. However, in 2006, these efforts informed the 
development of nuclear reprogramming in vitro, the 
breakthrough method that creates iPSCs. 

This approach involves taking mature “somatic” cells 
from an adult and introducing the genes that encode 
critical transcription factor proteins, which themselves 
regulate the function of other genes important for 
early steps in embryonic development (See Fig. 10.1). 
In the initial 2006 study, it was reported that only 
four transcription factors (Oct4, Sox2, Klf4, and c-Myc) 
were required to reprogram mouse fibroblasts (cells 
found in the skin and other connective tissue) to an 
embryonic stem cell–like state by forcing them to 
express genes important for maintaining the defining 
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figure�10.1.�generating�Induced�pluripotent�stem�Cells�(ipsCs) 

properties of ESCs.7  These factors were chosen because 
they were known to be involved in the maintenance 
of pluripotency, which is the capability to generate all 
other cell types of the body. The newly-created iPSCs 
were found to be highly similar to ESCs and could be 
established after several weeks in culture.7,8  In 2007, 
two different research groups reached a new milestone 
by deriving iPSCs from human cells, using either 
the original four genes9  or a different combination 
containing  Oct4,  Sox2,  Nanog,  and  Lin28.10  Since 
then, researchers have reported generating iPSCs from 
somatic tissues of the monkey11  and rat.12,13

However, these original methods of reprogramming 
are  inefficient, yielding iPSCs in less than 1% of the 
starting adult cells.14,15  The type of adult cell used also 
affects efficiency; fibroblasts require more time for factor 
expression and have lower efficiency of reprogramming 
than do human keratinocytes, mouse  liver and stomach 
cells, or mouse neural stem  cells.14–19 

Several approaches have been investigated to improve 
reprogramming  efficiency  and  decrease  potentially 
detrimental  side  effects  of  the  reprogramming 
process. Since the retroviruses used to deliver the 
four transcription  factors in the earliest studies can 
potentially cause mutagenesis (see below), researchers 
have investigated whether all four factors are absolutely 
necessary. In particular, the gene c-Myc  is known to 
promote tumor growth in some cases, which would 
negatively affect iPSC usefulness in transplantation 
therapies. To this end, researchers tested a three-factor 
approach that uses the orphan nuclear receptor Esrrb  
with Oct4  and Sox2,  and were able to convert mouse 
embryonic fibroblasts to iPSCs.20  This achievement 
corroborates other reports that c-Myc  is dispensable 
for  direct  reprogramming  of  mouse  fibroblasts.21  
Subsequent studies have further reduced the number of 
genes required for reprogramming,22–26  and researchers 
continue to identify chemicals that can either substitute 

for or enhance the efficiency of transcription factors in 
this process.27  These breakthroughs continue to inform 
and to simplify the reprogramming process, thereby 
advancing the field toward the generation of patient-
specific stem cells for clinical application. However, 
as the next section will discuss, the method by which 
transcription factors are delivered to the somatic cells is 
critical to their potential use in the clinic. 

CuRRent�Challenges�In� 
ipsC�ReseaRCh 

Reprogramming  poses  several  challenges  for 
researchers  who hope to apply it to regenerative 
medicine. To deliver the desired transcription factors, 
the  DNA  that  encodes  their  production  must  be 
introduced  and  integrated  into  the  genome  of 
the  somatic  cells.  Early  efforts  to  generate  iPSCs 
accom plished  this  goal  using  retroviral  vectors.  A 
retrovirus  is  an  RNA  virus  that  uses  an  enzyme, 
reverse transcriptase,  to  replicate in a host cell and 
subsequently produce DNA from its RNA genome. 
This  DNA  incorporates  into  the  host’s  genome, 
allowing the virus to replicate as part of the host cell’s 
DNA. However, the forced expression of these genes 
cannot be controlled fully, leading to unpredictable 
effects.28  While other types of integrating viruses, 
such as lentiviruses, can increase the efficiency of 
reprogramming,16  the expression of viral transgenes 
remains a critical clinical issue. Given the dual needs 
of reducing the drawbacks of viral integration and 
maximizing reprogramming efficiency, researchers are 
exploring a number of strategies to reprogram cells in 
the absence of integrating viral vectors27–30  or to use 
potentially more efficient integrative approaches.31,32

Before reprogramming can be considered for use 
as a clinical tool, the efficiency of the process must 
improve  substantially.  Although  researchers  have 
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begun to identify the myriad molecular pathways 
that are implicated in reprogramming somatic cells,15 

much more basic research will be required to identify 
the full spectrum of events that enable this process. 
Simply adding transcription factors to a population of 
differentiated cells does not guarantee reprogramming 
– the low efficiency of reprogramming in vitro suggests 
that additional rare events are necessary to generate 
iPSCs, and the efficiency of reprogramming decreases 
even further with fibroblasts that have been cultured 
for long time periods.33 Furthermore, the differentiation 
stage of the starting cell appears to impact directly the 
reprogramming efficiency; mouse hematopoietic stem 
and progenitor cells give rise to iPSCs up to 300 times 
more efficiently than do their terminally-differentiated 
B- and T-cell counterparts.34 As this field continues to 
develop, researchers are exploring the reprogramming 
of stem or adult progenitor cells from mice24,25,34,35 

and humans23,26 as one strategy to increase efficiency 
compared to that observed with mature cells. 

As these discussions suggest, clinical application of 
iPSCs will require safe and highly efficient generation 
of stem cells. As scientists increase their understanding 
of the molecular mechanisms that underlie 
reprogramming, they will be able to identify the cell 
types and conditions that most effectively enable the 
process and use this information to design tools for 
widespread use. Clinical application of these cells will 
require methods to reprogram cells while minimizing 
DNA alterations. To this end, researchers have found 
ways to introduce combinations of factors in a single 
viral “cassette” into a known genetic location.36 

Evolving tools such as these will enable researchers to 
induce programming more safely, thereby informing 
basic iPSC research and moving this technology closer 
to clinical application. 

aRe�ipsCs�tRuly�equIvalent�to�esCs? 
ESCs and iPSCs are created using different strategies 
and conditions, leading researchers to ask whether 
the cell types are truly equivalent. To assess this issue, 
investigators have begun extensive comparisons to 
determine pluripotency, gene expression, and function 
of differentiated cell derivatives. Ultimately, the two cell 
types exhibit some differences, yet they are remarkably 
similar in many key aspects that could impact 
their application to regenerative medicine. Future 
experiments will determine the clinical significance (if 
any) of the observed differences between the cell types. 

Other than their derivation from adult tissues, iPSCs 
meet the defining criteria for ESCs. Mouse and 
human iPSCs demonstrate important characteristics of 
pluripotent stem cells, including expressing stem cell 
markers, forming tumors containing cell types from all 
three primitive embryonic layers, and displaying the 
capacity to contribute to many different tissues when 
injected into mouse embryos at a very early stage of 
development. Initially, it was unclear that iPSCs were 
truly pluripotent, as early iPSC lines contributed to 
mouse embryonic development but failed to produce 
live-born progeny as do ESCs. In late 2009, however, 
several research groups reported mouse iPSC lines that 
are capable of producing live births,37,38 noting that 
the cells maintain a pluripotent potential that is “very 
close to” that of ESCs.38 Therefore, iPSCs appear to be 
truly pluripotent, although they are less efficient than 
ESCs with respect to differentiating into all cell types.38 

In addition, the two cell types appear to have similar 
defense mechanisms to thwart the production of DNA-
damaging reactive oxygen species, thereby conferring 
the cells with comparable capabilities to maintain 
genomic integrity.39 

Undifferentiated iPSCs appear molecularly indistin-
guishable from ESCs. However, comparative genomic 
analyses reveal differences between the two cell types. 
For example, hundreds of genes are differentially 
expressed in ESCs and iPSCs,40 and there appear to 
be subtle but detectable differences in epigenetic 
methylation between the two cell types.41,42 Genomic 
differences are to be expected; it has been reported 
that gene-expression profiles of iPSCs and ESCs 
from the same species differ no more than observed 
variability among individual ESC lines.43 It should be 
noted that the functional implications of these findings 
are presently unknown, and observed differences may 
ultimately prove functionally inconsequential.44 

Recently, some of the researchers who first generated 
human iPSCs compared the ability of iPSCs and human 
ESCs to differentiate into neural cells (e.g., neurons 
and glia).45 Their results demonstrated that both 
cell types follow the same steps and time course 
during differentiation. However, although human 
ESCs differentiate into neural cells with a similar 
efficiency regardless of the cell line used, iPSC-derived 
neural cells demonstrate lower efficiency and greater 
variability when differentiating into neural cells. These 
observations occurred regardless of which of several 
iPSC-generation protocols were used to reprogram 
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the original cell to the pluripotent state. Experimental 
evidence suggests that individual iPSC lines may be 
“epigenetically unique” and predisposed to generate 
cells of a particular lineage. However, the authors 
believe that improvements to the culturing techniques 
may be able to overcome the variability and inefficiency 
described in this report. 

These findings underpin the importance of 
understanding the inherent variability among discrete 
cell populations, whether they are iPSCs or ESCs. 
Characterizing the variability among iPSC lines will be 
crucial to apply the cells clinically. Indeed, the factors 
that make each iPSC line unique may also delay the 
cells’ widespread use, as differences among the cell 
lines will affect comparisons and potentially influence 
their clinical behavior. For example, successfully 
modeling disease requires being able to identify the 
cellular differences between patients and controls that 
lead to dysfunction. These differences must be framed 
in the context of the biologic variability inherent in 
a given patient population. If iPSC lines are to be 
used to model disease or screen candidate drugs, 
then variability among lines must be minimized and 
characterized fully so that researchers can understand 
how their observed results match to the biology of the 
disease being studied. As such, standardized assays 
and methods will become increasingly important for 
the clinical application of iPSCs, and controls must be 
developed that account for variability among the iPSCs 
and their derivatives. 

Additionally, researchers must understand the factors 
that initiate reprogramming towards pluripotency in 
different cell types. A recent report has identified 
one factor that initiates reprogramming in human 
fibroblasts,46 setting the groundwork for developing 
predictive models to identify those cells that will 
become iPSCs. An iPSC may carry a genetic “memory” 
of the cell type that it once was, and this “memory” 
will likely influence its ability to be reprogrammed. 
Understanding how this memory varies among differ-
ent cell types and tissues will be necessary to reprogram 
successfully. 

potentIal�medICal�applICatIons� 
of�IpsCs 
iPSCs have the potential to become multipurpose 
research and clinical tools to understand and model 
diseases, develop and screen candidate drugs, 
and deliver cell-replacement therapy to support 

regenerative medicine. This section will explore the 
possibilities and the challenges that accompany these 
medical applications, with the caveat that some 
uses are more immediate than others. For example, 
researchers currently use stem cells to test/screen 
drugs or as study material to identify molecules 
or genes implicated in regeneration. Conducting 
experiments or testing candidate drugs on human cells 
grown in culture enables researchers to understand 
fundamental principles and relationships that will 
ultimately inform the use of stem cells as a source of 
tissue for transplantation. Therefore, using iPSCs in 
cell-replacement therapies is a future application of 
these cells, albeit one that has tremendous clinical 
potential. The following discussion will highlight 
recent efforts toward this goal while recognizing the 
challenges that must be overcome for these cells to 
reach the clinic. 

Reprogramming technology offers the potential to 
treat many diseases, including Alzheimer’s disease, 
Parkinson’s disease, cardiovascular disease, diabetes, 
and amyotrophic lateral sclerosis (ALS; also known as 
Lou Gehrig’s disease). In theory, easily-accessible cell 
types (such as skin fibroblasts) could be biopsied from 
a patient and reprogrammed, effectively recapitulating 
the patient’s disease in a culture dish. Such cells could 
then serve as the basis for autologous cell replacement 
therapy. Because the source cells originate within 
the patient, immune rejection of the differentiated 
derivatives would be minimized. As a result, the 
need for immunosuppressive drugs to accompany 
the cell transplant would be lessened and perhaps 
eliminated altogether. In addition, the reprogrammed 
cells could be directed to produce the cell types that 
are compromised or destroyed by the disease in 
question. A recent experiment has demonstrated the 
proof of principle in this regard,47 as iPSCs derived from 
a patient with ALS were directed to differentiate into 
motor neurons, which are the cells that are destroyed 
in the disease. 

Although much additional basic research will be 
required before iPSCs can be applied in the clinic, 
these cells represent multi-purpose tools for medical 
research. Using the techniques described in this article, 
researchers are now generating myriad disease-specific 
iPSCs. For example, dermal fibroblasts and bone 
marrow-derived mesencyhmal cells have been used to 
establish iPSCs from patients with a variety of diseases, 
including ALS, adenosine deaminase deficiency-related 
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severe combined immunodeficiency, Shwachman-
Bodian-Diamond syndrome, Gaucher disease type III, 
Duchenne and Becker muscular dystrophies, Parkinson’s 
disease, Huntington’s disease, type 1 diabetes mellitus, 
Down syndrome/trisomy 21, and spinal muscular 
atrophy.47–49 iPSCs created from patients diagnosed 
with a specific genetically-inherited disease can then be 
used to model disease pathology. For example, iPSCs 
created from skin fibroblasts taken from a child with 
spinal muscular atrophy were used to generate motor 
neurons that showed selective deficits compared to 
those derived from the child’s unaffected mother.48 

As iPSCs illuminate the development of normal and 
disease-specific pathologic tissues, it is expected that 
discoveries made using these cells will inform future 
drug development or other therapeutic interventions. 

One particularly appealing aspect of iPSCs is that, in 
theory, they can be directed to differentiate into a 
specified lineage that will support treatment or tissue 
regeneration. Thus, somatic cells from a patient with 
cardiovascular disease could be used to generate iPSCs 
that could then be directed to give rise to functional 
adult cardiac muscle cells (cardiomyocytes) that 
replace diseased heart tissue, and so forth. Yet while 
iPSCs have great potential as sources of adult mature 
cells, much remains to be learned about the processes 
by which these cells differentiate. For example, 
iPSCs created from human50 and murine fibroblasts51–53 

can give rise to functional cardiomyocytes that display 
hallmark cardiac action potentials. However, the 
maturation process into cardiomyocytes is impaired 
when iPSCs are used – cardiac development of iPSCs 
is delayed compared to that seen with cardiomyocytes 
derived from ESCs or fetal tissue. Furthermore, variation 
exists in the expression of genetic markers in the iPSC-
derived cardiac cells as compared to that seen in 
ESC-derived cardiomyocytes. Therefore, iPSC-derived 
cardiomyocytes demonstrate normal commitment 
but impaired maturation, and it is unclear whether 
observed defects are due to technical (e.g., incomplete 
reprogramming of iPSCs) or biological barriers (e.g., 
functional impairment due to genetic factors). Thus, 
before these cells can be used for therapy, it will 
be critical to distinguish between iPSC-specific and 
disease-specific phenotypes. 

However, it must be noted that this emerging field is 
continually evolving; additional basic iPSC research will 
be required in parallel with the development of disease 
models. Although the reprogramming technology that 

creates iPSCs is currently imperfect, these cells will 
likely impact future therapy, and “imperfect” cells can 
illuminate many areas related to regenerative medicine. 
However, iPSC-derived cells that will be used for therapy 
will require extensive characterization relative to what 
is sufficient to support disease modeling studies. To this 
end, researchers have begun to use imaging techniques 
to observe cells that are undergoing reprogramming to 
distinguish true iPSCs from partially-reprogrammed 
cells.54 The potential for tumor formation must also 
be addressed fully before any iPSC derivatives can be 
considered for applied cell therapy. Furthermore, in 
proposed autologous therapy applications, somatic 
DNA mutations (e.g., non-inherited mutations that 
have accumulated during the person’s lifetime) retained 
in the iPSCs and their derivatives could potentially 
impact downstream cellular function or promote tumor 
formation (an issue that may possibly be circumvented 
by creating iPSCs from a “youthful” cell source such 
as umbilical cord blood).55 Whether these issues will 
prove consequential when weighed against the cells’ 
therapeutic potential remains to be determined. While 
the promise of iPSCs is great, the current levels of 
understanding of the cells’ biology, variability, and 
utility must also increase greatly before iPSCs become 
standard tools for regenerative medicine. 

ConClusIon 
Since their discovery four years ago, induced pluripotent 
stem cells have captured the imagination of researchers 
and clinicians seeking to develop patient-specific 
therapies. Reprogramming adult tissues to embryonic-
like states has countless prospective applications to 
regenerative medicine, drug development, and basic 
research on stem cells and developmental processes. To 
this point, a PubMed search conducted in April 2010 
using the term “induced pluripotent stem cells” 
(which was coined in 2006) returned more than 1400 
publications, indicating a highly active and rapidly-
developing research field. 

However, many technical and basic science issues 
remain before the promise offered by iPSC technology 
can be realized fully. For putative regenerative 
medicine applications, patient safety is the foremost 
consideration. Standardized methods must be 
developed to characterize iPSCs and their derivatives. 
Furthermore, reprogramming has demonstrated a 
proof-of-principle, yet the process is currently too 
inefficient for routine clinical application. Thus, 
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unraveling the molecular mechanisms that govern 
reprogramming is a critical first step toward 
standardizing protocols. A grasp on the molecular 
underpinnings of the process will shed light on the 
differences between iPSCs and ESCs (and determine 
whether these differences are clinically significant). 
Moreover, as researchers delve more deeply into 
this field, the effects of donor cell populations can 
be compared to support a given application; i.e., do 
muscle-derived iPSCs produce more muscle than skin-
derived cells? Based on the exciting developments 
in this area to date, induced pluripotent stem cells 
will likely support future therapeutic interventions, 
either directly or as research tools to establish novel 
models for degenerative disease that will inform drug 
development. While much remains to be learned 
in the field of iPSC research, the development of 
reprogramming techniques represents a breakthrough 
that will ultimately open many new avenues of research 
and therapy. 
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