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INTRODUCTION
BRIEF HISTORY OF REPROGRAMMING: THE DISCOVERY OF iPSCs

Pluripotent cells have the ability to generate any cell type present in the adult 
body, making them a powerful tool for the study of human development and 
disease. Pluripotency exists only during a brief time window of pre-implantation 
development in the cells of the inner cell mass (ICM). As development 
proceeds, ICM cells undergo widespread epigenetic changes, and thus become 
increasingly lineage-restricted. Embryonic stem cells (ESCs) are the in vitro 
representation of the ICM/epiblast and as such have not yet lost the ability to 
give rise to all tissues of the embryo proper. While ESCs have been a useful tool 
in the study of di� erentiation and development, their potential for generating 
patient-specifi c and disease-specifi c tissues is limited due to their origin from 
explanted blastocyst-stage embryos. However, di� erent approaches have been 
developed to reprogram di� erentiated cells back into pluripotent cells through 
experimental manipulation. The cloning of animals by somatic cell nuclear 
transfer (SCNT; Briggs & King 1952; Gurdon et al. 1975; Wilmut 
et al. 1997; Hochedlinger & Jaenisch 2002; Eggan et al. 2004; Li et al. 2004) 
is one such approach, which has two key implications. First, it showed that the 
developmental restrictions incurred during di� erentiation are not permanent, 
and second, it implied that factors must be present in the oocyte that have the 
capacity to restore the developmental potential of a somatic cell. Importantly, the 
capacity to reprogram somatic cells is not restricted to oocytes, as demonstrated 
by cell fusion experiments, providing another experimental system to reprogram 
di� erentiated cells. Examples include the fusion of somatic cells with ESCs, 
embryonic germ cells, or embryonic carcinoma cells, which elicits transcriptional 
and epigenetic reprogramming of the somatic nucleus to a pluripotent state 
(Tada et al. 1997; Tada et al. 2001; Cowan et al. 2005).

Insights from SCNT and cell fusion experiments led to the breakthrough 
discovery by Takahashi and Yamanaka, who demonstrated that activation of a 
defi ned set of factors in fi broblasts was su�  cient to directly reprogram somatic 
cells to a pluripotent state (Takahashi & Yamanaka 2006). This fi nding emerged 
from a screen in which the authors retrovirally overexpressed 24 candidate 
ESC-associated genes in murine fi broblasts carrying an ESC-specifi c selection 
marker for Fbx15. Out of the initial 24 ESC genes, they determined that just 
four transcription factors – Oct-4, Sox2, Klf4, and c-Myc – were su�  cient to 
convert murine fi broblasts to a pluripotent cell type that was strikingly similar 
to ESCs. This seminal discovery opened an entire fi eld of research aimed at 
understanding mechanisms of reprogramming and development, modeling and 
treating complex genetic diseases in culture, and generating patient-specifi c 
stem cells for potential therapies. 

Figure 1: Murine and Human iPSCs. A. Murine iPSCs, note that the cells grow in distinct 

dome-shaped colonies with refl ective borders. B. Human iPSCs, note the fl attened 

colony morphology. 

A B In the following sections, we will briefl y discuss the current state of the art with 
respect to (i) gene combinations to reprogram cells to pluripotency, (ii) di� erent 
methods to introduce those genes, (iii) the infl uence of somatic cell type on 
the e�  ciency and quality of resultant iPSCs, (iv) the equivalency of iPSCs and 
ESCs, and (v) potential applications of iPSCs in research, disease modeling, and 
therapy. We will also give our personal recommendations on which approaches 
to use for specifi c purposes.

Species Cell Type 
Reprogramming 
Factors Reference 

Mouse Fibroblasts OKSM, OKS, OSE, KSNr Takahashi & Yamanaka 2006 

Mature B & T cells OKSMC, OKSM Hanna et al. 2008; Eminli et al. 2009 

Myeloid progenitors OKSM Eminli et al. 2009 

Hematopoietic stem cells OKSM Eminli et al. 2009 

Adipose-derived stem cells OKSM Sugii et al. 2010 

Dermal Papilla OKM, OK Tsai et al. 2010 

Satellite cells OKSM Tan et al. 2011

Pancreatic β-cells OKSM Stadtfeld et al. 2008 

Hepatic endoderm OKS Aoi et al. 2008 

Neural stem cells OK Kim et al. 2008; Kim et al. 2009 

Melanocytes OKM Utikal et al. 2009 

Human Fibroblasts OKSM, OSLN, OKS 
Takahashi et al. 2007; Yu et al. 2007; 
Nakagawa et al. 2008 

Mobilized peripheral blood OKSM Loh et al. 2009 

Cord blood endothelia OSLN Haase et al. 2009 

Cord blood stem cells OKSM, OS 
Eminli et al. 2009; Giorgetti et 
al. 2009 

Adipose-derived stem cells OKSM, OKS Sugii et al. 2010; Aoki et al. 2010 

Hepatocytes OKSM Liu et al. 2010 

Keratinocytes OKSM, OKS Aasen et al. 2008 

Neural stem cells O Kim et al. 2009 

Pancreatic β-cells OKSM Bar-Nur et al. 2011

Amniotic cells OKSM, OSN Li et al. 2009; Zhao et al. 2010 

Table 1: Reprogramming factors for mouse and human cells. Factors: O-Oct-4, 
K-Klf4, S-Sox2, M-c-Myc, E-Esrrb, Nr-Nr5a2, C-C/EBPα, L-Lin28, N-Nanog. 
Adapted from Stadtfeld and Hochedlinger 2011.

REPROGRAMMING COCKTAILS
Since the derivation of the fi rst iPSCs with transgenes overexpressing Oct-4, 
Sox2, Klf4, and c-Myc, a number of variations to the initial reprogramming 
cocktail have been introduced, which are reviewed in Stadtfeld and Hochedlinger 
(2010). For example, the oncogene c-Myc is dispensable for reprogramming 
to pluripotency, albeit cocktails including only Oct-4, Sox2, and Klf4 (OSK) give 
rise to iPSCs about 10-fold less e�  ciently (Nakagawa et al. 2008; Wernig et 
al. 2008). In human cells, Klf4 and c-Myc can be replaced by the transcription 
factor Nanog and the RNA-binding protein Lin28 (Yu et al. 2007). Moreover, cell 
types that exhibit endogenous expression levels of any of the reprogramming 
factors can be reprogrammed in the absence of that factor. Murine melanocyte 
cultures, for instance, express endogenous Sox2 and can be reprogrammed 
with Oct-4, Klf4, and c-Myc (Utikal et al. 2009), while neural stem cells, which 
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a mesenchymal-to-epithelial transition (Liao et al. 2011), which are critical 
steps during iPSC formation. For most practical purposes, however, a 
reprogramming cocktail consisting of the classic four factors (OKSM) is 
su�  cient to reprogram the majority of cell types tested at reasonable 
e�  ciencies in mouse and human. We therefore recommend using OKS or 
OKSM for most applications utilizing integrating vector systems.

DIFFERENT APPROACHES TO 

GENERATE iPSCs 
The fi rst sets of iPSCs were generated through infection of fi broblasts with 
four separate retroviral vectors. While retroviral vectors are most commonly 
used because of their ease of handling, retroviral reprogramming has some 
shortcomings. For instance, it is relatively ine�  cient (0.02-0.1% transfection 
e�  ciency) and generates iPSCs with multiple viral transgenes that randomly 
integrate in the genome, thus increasing the risk of insertional mutagenesis. 
In addition, faithful reprogramming depends on the epigenetic silencing of the 
retroviral transgenes, which is sometimes incomplete, giving rise to so-called 
partially reprogrammed cells. This requires careful screening of established 
iPSCs for viral silencing and endogenous pluripotency gene reactivation, 
which is cumbersome.

express endogenous Sox2, Klf4, and c-Myc, can be reprogrammed with 
Oct-4 alone in both mice and humans (Kim et al. 2009a; Kim et al. 2009b). 
Notably, even Oct-4, which had seemed to be the only essential 
reprogramming factor, can be replaced with either the nuclear receptor 
Nr5a2 or E-cadherin in murine fi broblast reprogramming experiments 
(Heng et al. 2010; Redmer et al. 2011). 

Interestingly, microRNAs have been shown to enhance the efficiency of 
the reprogramming process in mice and humans. Introduction of mature 
microRNA from clusters miR-130/301/721 or infection of lentiviral miR-302b 
and 372 provides a several-fold increase in reprogramming e�  ciency when 
combined with OKS or OKSM, respectively (Pfa�  et al. 2011; Subramanyam 
et al. 2011). Remarkably, microRNAs alone have also been suggested to be 
capable of generating iPSCs. Transfection of mature microRNA from the 
miR-200c, miR-302s, and miR-369s families or infection with a lentiviral 
construct overexpressing the miR-302/367 cluster were reported to 
reprogram mouse and human adipose stromal cells or fi broblasts, 
respectively, into iPSCs (Anokye-Danso et al. 2011; Miyoshi et al. 2011). 
While the relevant targets for these microRNAs remain elusive, they may 
contribute to reprogramming by repressing TGF-β signaling and promoting 

Figure 2: Reprogramming MEFs to iPSCs. A. Early passage MEFs isolated from reprogrammable mice prior to induction of reprogramming factors. 
B. Day 5-6 of reprogramming, many cells have lost fi broblast morphology and a sheen is noticeable as they begin to grow into ESC-like colonies. 
C. Day 7-9 of reprogramming, cells are now growing in distinct colonies with a refl ective border. 
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Figure 3: Key events during reprogramming. A timeline of cellular changes that occur during reprogramming. Soon after the introduction of reprogramming 

factors, cells begin to divide more rapidly and undergo a mesenchymal-to-epithelial transition. This is followed by the expression of early pluripotency markers 

(e.g. SSEA1 and alkaline phosphatase) and subsequent activation of endogenous Oct-4/Sox2/Nanog. Following the activation of the endogenous core 

pluripotency loci, the reprogramming cells become factor-independent and undergo immortalization and reactivation of the inactive X-chromosome in 

female cells. Timeline shown refl ects murine reprogramming. 
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In contrast, the use of doxycycline (dox)-inducible lentiviruses or transposons 
allows for temporal control of reprogramming factor expression and therefore 
reduces, if not eliminates, the occurrence of partially reprogrammed iPSCs. 
Dox-inducible systems also a� ord researchers the opportunity to determine 
the minimal duration of factor expression required to produce iPSCs upon 
experimental perturbations. When combined with polycistronic vectors 
expressing all four reprogramming factors from one transcript (Sommer et 
al. 2009; Carey et al. 2009), dox-inducible systems have yielded higher 
reprogramming e�  ciencies with fewer integrations. For mechanistic 
studies involving iPSCs, the latter approach is recommended by the 
authors; multiple dox-inducible polycistronic vectors are now commercially 
available, these include: STEMCCA (EMD Millipore®), 4F2A (Stemgent®), 
and 4F2A-loxP (Stemgent®/Sigma®). Lastly, dox-inducible lentiviruses or 
transposon vectors can be reactivated in somatic cells derived from primary 
iPSCs, thus allowing for the generation of so-called “secondary systems,” 
which are useful to study reprogramming in homogeneous populations of 
cells (Hockemeyer et al. 2008; Maherali et al. 2008; Wernig et al. 2008). 
Secondary systems facilitate a signifi cant increase in reprogramming 
e�  ciencies (from 0.01%-0.1% up to a few percent), likely due to the fact that 
the secondary cells already express the transgenes at ratios that are favorable 
for reprogramming. This system was further improved by the generation 
of “reprogrammable cells” and “reprogrammable mice” that carry a single 
dox-inducible polycistronic cassette harboring all four reprogramming factors 
targeted to the inert ColA1 locus (Carey et al. 2010; Stadtfeld et al. 2010). 
The use of such transgenic cells eliminates the need for viral infection and 
ensures that each cell in a given experiment carries only a single copy of each 
reprogramming factor. Given the relative ease with which reprogrammable 
cells from di� erent tissues can be collected and reprogrammed with these 
mice, this system may also provide an e� ective means for performing 
large-scale screens for additional factors or molecules that enhance the 
reprogramming process.

Although retroviruses, lentiviruses, and the reprogrammable system are 
relatively easy to use, they all require the integration of foreign DNA elements 
into the future iPSC’s genome. This poses a problem for potential therapeutic 
applications, as random integrations could cause cancer. To circumvent this 
issue, a number of techniques for generating integration-free iPSCs have been 
developed, which are also summarized in Stadtfeld and Hochedlinger (2010). 
By using either fl oxed viral vectors or transposons, iPSCs can be derived and 
their integrations subsequently removed through transient expression of Cre or 
transposase, respectively (Kaji et al. 2009; Soldner et al 2009; Woltjen 
et al. 2009; Yusa et al. 2009). This method produces iPSCs at relatively high 
e�  ciencies (0.1-1%). However, in the case of fl oxed viral vectors, a loxP site 
is left behind. Non-integrating adenoviral vectors can also produce iPSCs in 
mouse hepatocytes and human fi broblasts, albeit at extremely low e�  ciencies 
(0.001%).  Interestingly, direct transfections of expression plasmids, protein, 
and even RNA have the capacity to generate iPSCs (Okita et al. 2008; Zhou 
et al. 2009; Warren et al. 2010). Protein and plasmid transfections, however, 
are hampered by low e�  ciencies (0.001%). The expression of combinations 
of minimally required sets of reprogramming factors from polyciststronic 
plasmids alleviates some of these issues (Jia et al. 2010). Recent developments 
of mRNA-based or RNA virus-based reprogramming methods provide other 
alternatives that yield higher e�  ciencies (Warren et al. 2010). Notably, mRNA 

transfections require multiple rounds of transfections and prior modifi cations 
of mRNAs to prevent activation of an interferon response. In contrast, Sendai 
(RNA) virus-mediated reprogramming, which is fast and e�  cient, may become 
a powerful alternative to the more conventional approaches (Fusaki et al 2009), 
especially when combined with temperature-sensitive mutations (Ban et al. 
2011). Both viral and mRNA systems are commercially available.

MULTIPLE CELL TYPES ARE AMENABLE 

TO REPROGRAMMING  
A number of di� erent somatic cell types, including terminally di� erentiated 
lymphocytes and pancreatic β-cells, have been reprogrammed into iPSCs in 
mice and humans (reviewed in Stadtfeld & Hochedlinger 2010), indicating that 
the same transcription factors can reinstate pluripotency in cells isolated from 
di� erent tissues and species. However, reprogramming e�  ciencies have been 
shown to vary substantially depending on the starting cell type. For example, 
reprogramming experiments performed on the entire hematopoietic lineage 
revealed that, in general, less di� erentiated cells give rise to iPSCs at greater 
e�  ciencies than their more di� erentiated counterparts (Eminli et al. 2009). 
This trend was also observed in muscle and adipocyte progenitor populations 
(Sugii et al. 2010; Tan et al. 2011). Moreover, keratinocytes appear to be a 
more e�  cient donor cell type compared with fi broblasts in humans (Aasen et al. 
2008; Maherali et al. 2008). 

Given that seminal cloning experiments in frogs suggested that cloned 
embryos exhibit abnormalities that refl ect their cell type of origin, it was 
important to determine if iPSCs derived from distinct cell types were, in 
fact, equivalent. Interestingly, early passage mouse and human iPSCs 
display subtle transcriptional and epigenetic di� erences compared with 
ESCs, which seems to be due to incomplete silencing of somatic genes 
and ine�  cient activation of pluripotency genes. Perhaps more importantly, 
low-passage iPSCs derived from fi broblasts exhibit impaired di� erentiation 
potentials into hematopoietic cells, while iPSC lines produced from blood 
cells have an increased propensity to di� erentiate back into their original 
cell lineage (Polo et al 2011; Kim et al. 2010). These di� erences, however, 
are attenuated in murine iPSCs and in some human iPSCs through extended 
passaging (Polo et al. 2011; Kim et al. 2011), suggesting that faithful 
epigenetic reprogramming is actually complete long after the acquisition 
of pluripotency.

It is likely that proper screening for faithfully reprogrammed iPSCs will have a 
greater impact on di� erentiation potential than choice of starting cell population. 
Therefore, when selecting starting cell populations, one should consider those 
that are relatively easy to maintain and culture. In the case of murine iPSCs, this 
is MEFs or tail tip fi broblasts (TTFs), while in humans dermal fi broblasts from 
skin punch biopsies are most commonly used.
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EQUIVALENCY OF iPSCs AND ESCs
iPSCs initially derived by Takahashi and Yamanaka, though clearly pluripotent, 
lacked several features of ESCs. For example, the endogenous pluripotency 
loci, as analyzed by promoter DNA methylation and expression, were not 
completely reactivated, suggesting a dependence on exogenous factors. 
Moreover, expression profi ling revealed that their expression program was 
intermediate between that of ESCs and the starting fi broblasts. Importantly, 
chimeras generated with these iPSCs were only low-grade and did not survive 
to term. These initial limitations, however, were overcome with improved 
derivation techniques. By selecting for the essential pluripotency genes Oct-4 
or Nanog, several groups were able to derive iPSCs that not only gave rise to 
high-grade chimeras, but could even contribute to the germline of chimeric 
mice. Moreover, these iPSCs displayed global epigenetic reprogramming 
to an ESC-like state, an ESC-like transcriptional profi le, retroviral silencing, 
reactivation of the inactive X chromosome, and independence from exogenous 
factor expression (Maherali et al. 2007; Wernig et al. 2007; Okita et al. 2007).

Additional improvements of reprogramming methods have even enabled the 
derivation of mice derived entirely from iPSCs by using tetraploid embryo 
complementation (Boland et al. 2009; Kang et al. 2009; Zhao et al. 2009; 
Stadtfeld et al. 2010), which is the most stringent assay for pluripotency. 
Interestingly, a study that compared genetically matched murine ESCs 
and iPSCs revealed that these cell types are nearly identical except for the 
aberrant silencing of a single imprinted gene cluster termed Dlk1-Dio3 
locus (Stadtfeld et al. 2010). While the majority of iPSC clones derived 
under conventional culture conditions (serum and LIF) seem to undergo 
aberrant Dlk1-Dio3 silencing, which inversely correlates with their ability to 
produce adult mice through tetraploid complementation, changes in factor 
stoichiometry or culture media can profoundly shift the ratio of silenced and 
non-silenced iPSC clones (Carey, 2011, CSC; Stadtfeld, in press). Thus, it 
is possible for iPSCs to be derived that are indistinguishable from ESCs by a 
number of stringent molecular and functional criteria. These results do not 
exclude, however, that other epigenetic and/or genetic changes are present in 
iPSCs that escaped detection with the utilized assays.

Soon after the successful derivation of mouse iPSCs, human iPSCs were 
generated by independent laboratories. Because of the di�  culty to genetically 
manipulate human cells, human iPSCs were derived without drug selection, 
using colony morphology and/or live staining for surface markers such as 
TRA-1-60 and TRA-1-81. Though the more stringent assays of pluripotency 
in mouse (e.g. contribution to chimeras and germline transmission) are not 
available for human systems, human iPSCs are molecularly and functionally 
highly similar to human ESCs with respect to the expression of human ESC 
markers and their potential to give rise to derivatives of all three embryonic 
germ layers in vitro and in vivo in the context of teratomas (Takahashi et 
al. 2007; Yu et al. Park et al. 2008). Despite these overt similarities, there 
has been some controversy regarding the equivalency of human iPSCs and 
ESCs. An emerging conclusion from these studies is that variables such 
as line-to-line variation (Bock et al. 2011), vector integration (Soldner et 
al. 2009), passage number (Chin et al. 2009; Polo et al. 2010), culture 
conditions (Stadtfeld et al. in press), and genetic background (Stadtfeld et al. 
2010) may account for some of the observed di� erences. In addition, some 

iPSCs carry copy number variations and point mutations that are not normally 
seen in ESCs and appear to be the result of pre-existing mutations in the 
somatic cells, such as culture-induced and reprogramming-induced genomic 
alterations (Hussein et al. 2011; Gore et al. 2011). Whether any of these 
reprogramming-specifi c alterations have functional consequences remains to 
be determined. Though additional work is certainly warranted to resolve these 
issues, especially when considering potential therapeutic applications, human 
iPSCs have already been proven valuable for modeling certain diseases by 
providing a renewable istic studies and drug screening e� orts. 
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UNDERSTANDING DEVELOPMENT AND 

EPIGENETIC REPROGRAMMING
Due to their ability to maintain a pluripotent state in culture, iPSCs can 
help elucidate the various molecular processes involved in pluripotency, 
development, and di� erentiation without destroying human embryos. The study 
of iPSCs also increases our general understanding of the process of epigenetic 
reprogramming and the stability of the cellular state by demonstrating the 
relative ease of converting one given cell type to another. For example, genomic 
binding studies of the reprogramming factors and of epigenetic modifi cations 
during cellular reprogramming towards iPSCs have expanded our knowledge of 
how pluripotency is attained in a somatic cell (Sridharan et al. 2009; Mikkelsen 
et al. 2008). Moreover, the observation that more di� erentiated cells are less 
amenable to reprogramming than their undi� erentiated precursors (Eminli et al. 
2009) suggests that certain chromatin or transcriptional states are much more 
di�  cult to rewire than others. The use of improved reprogramming systems, 
such as the secondary system, has allowed researchers to determine that 
every somatic cell has, in principle, the potential to generate iPSCs following 
an apparently stochastic mechanism (Hanna et al. 2009). Moreover, the 
observation that the p53 (Hong et al. 2009; Noginov et al. 2009; Utikal et al. 
2009; Marion et al. 2009; Li et al. 2009) and TGF-β (Maherali et al. 2009; 
Ichida et al. 2009) pathways act as roadblocks for iPSC formation from 
fi broblasts unveiled interesting parallels between cellular reprogramming and 
malignant transformation and o� ered small molecule approaches to enhance 
iPSC formation. Lastly, identifi cation of intermediate cell populations, based 
on cell surface marker combinations, has enabled researchers to further study 
the transcriptional and epigenetic changes that occur during the conversion 
of a somatic cell into a pluripotent cell (Stadtfeld et al. 2008, Brambrink 
et al. 2008). In addition to a number of molecules that have already been 
demonstrated to a� ect iPSC formation (Esteban et al. 2010; Huangfu et al. 
2008; Theunissen et al. 2011; Han et al. 2010; Maekawa et al. 2011), we 
expect several new molecules to be identifi ed in the next few years whose 
manipulation will further enhance reprogramming and generate safer iPSCs.

DISEASE MODELING
iPSCs have the ability to self-renew and di� erentiate into essentially all cell types 
of the body, which provides the possibility to generate a near limitless supply 
of cells from patients su� ering from diseases for which no cellular models and 
therefore no e� ective treatments are currently available. This applies especially 
to disorders a� ecting cell types that are inaccessible or di�  cult to maintain in 
tissue culture, such as neurons and cardiac cells. The in vitro di� erentiated 
somatic cells may ultimately be used to identify disease-associated cellular 
phenotypes and potentially drugs to attenuate them. 

iPSC cell lines have been derived from a large number of disease states. 
Several of these cell lines display specifi c disease features in culture and 
show responsiveness to approved drugs, thus validating the disease modeling 
approach for drug discovery. For example, iPSCs derived from the autism 
spectrum disorder, Timothy syndrome, were shown to display aberrant 
Ca2+ signaling and abnormally high expression of tyrosine hydroxylase. 
Interestingly, the tyrosine hydroxylase phenotype could be reversed by treating 
the cultures with the drug roscovitine (Pasca et al. 2011). iPSCs have also 
been derived from long QT patients (Moretti et al 2010; Itzhaki et al. 2011), 
a potentially fatal congenital disease characterized by delayed ventricular 
repolarization. In vitro di� erentiated long QT cardiomyocytes displayed a 
prolonged action potential duration when compared to cardiomyocytes 
derived from una�  icted individuals. Identifi cation of this phenotype allowed 
researchers to successfully screen for drugs that ameliorate this delay in 
culture (Moretti et al. 2010; Itzhaki et al. 2011). These proof-of-principle 
studies demonstrate the feasibility of disease modeling with iPSC technology 
and can be followed up with large scale screening assays to identify novel 
therapeutic drugs (discussed in Wu and Hochedlinger 2011).

POTENTIAL APPLICATIONS OF iPSCs

Skin punch 
biopsy 

Dermal Fibroblasts 

+Reprogramming Cocktail 

Disease/patient-specific iPSCs Healthy iPSCs 

Replacement of disease allele 
(Optional: Correction of disease allele) 

Corrected Somatic Cells 

IVD 

Disease Patient 

Disease-specific Somatic Cells 

Transplant 

Drug Screen 

Treatment 

IVD 

Disease-specific Drugs 

Figure 4: Therapeutic potential of iPSCs. Human 

dermal fi broblasts from patients with a given disease 

can be used to derive iPSCs. Disease-specifi c iPSCs 

that are differentiated into a relevant cell type 

may be used as a tool for disease modeling and 

therapy. Additionally, patient-specifi c iPSCs carrying 

known disease-causing mutations may be corrected 

through gene targeting prior to in vitro differentiation 

and transplantation back into the patient.
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CELL & GENE THERAPY 
One exciting possible use for iPSCs is to serve as custom-tailored replacement 
cells in a therapeutic setting. ESC-derived cells have been successfully used in 
cell replacement therapies with animal models (Yang et al. 2008; Rideout et al. 
2002). However, human studies have been limited due to the various limitations 
associated with the use of human embryos and donor compatibility issues. 
These obstacles can be circumvented, however, through the use of iPSCs that 
are specifi c to a particular patient. Patient-specifi c iPSCs are expected to obviate 
the need for immunosuppressive treatments following transplantation, as these 
cells are genetically identical to their host. Nevertheless, it should be noted that 
a recent study in mice suggested that teratomas derived from some syngeneic 
iPSCs still elicit an immune response from the host animal (Zhao et al. 2011). 
However, because these experiments were performed with undi� erentiated 
iPSCs rather than with mature cells, which would be transplanted in a clinical 
setting, and because the authors observed a correlation between the iPSC 
derivation method and immunogenicity, there is hope that transplantation of 
mature cells derived from iPSCs using the safest available method will overcome 
these potential hurdles (Apostolou & Hochedlinger 2011).

Two proof-of-principle experiments in rodents have already demonstrated the 
feasibility of using iPSCs for cellular replacement therapy. In the fi rst study, 
gene targeting was used to correct the mutation in iPSCs derived from a 
humanized murine sickle cell anemia model. These cells were subsequently 
transplanted back into an irradiated sickle cell mouse and successfully 
caused a reversal of the sickling phenotype (Hanna et al. 2007). In another 
study, transplantation of iPSC-derived dopaminergic neurons into a rat model 
of Parkinson’s disease was su�  cient to partially restore neuronal function 
(Wernig et al. 2008). 

In humans, the potential for iPSC-based cell replacement therapy was 
demonstrated in a study involving the reprogramming of somatic cells 
from patients a�  icted with Fanconi anemia, a rare recessive chromosomal 
instability disorder caused by mutations in any of the 13 genes associated 
with this disease (Raya et al. 2009; Wang 2007). Correction of the genetic 
mutation found in Fanconi anemia-derived iPSCs, followed by their successful 
di� erentiation into hematopoietic progenitors with a disease-free phenotype, 
highlights the promise of this technology in treating diseases caused by 
known genetic defects (Raya et al. 2009). Additional recent examples of 
gene correction in human iPSCs include β-thalassemia and Hutchinson-Gilford 
progeria syndrome (HGPS). In the case of β-thalassemia, where erythrocytes 
produce insu�  cient amounts of β-globin, iPSCs were derived from fi broblasts 
of β-thalassemia patients and infected with an una� ected copy of the β-globin 
gene. Consequently, these iPSCs were di� erentiated into erythrocytes that 
produced increased levels of β-globin (Papapetrou et al. 2011). HGPS is caused 
by a point mutation in the Lamin A gene, which results in premature aging and 
a progressive loss of vascular smooth muscle. Liu et al. (2011a) demonstrated 
that smooth muscle cells derived from HGPS-iPSCs displayed an early onset 
of cellular senescence when compared to smooth muscle cells derived from 
control iPSCs. Moreover, the authors were able to ablate this phenotype in a 
subsequent study by correcting the mutated Lamin A locus in HGPS-iPSCs by 
targeting with a helper-dependant adenoviral vector (Liu et al 2011b).

TOXICOLOGY
In addition to their potential in cell therapy and disease modeling, iPSCs might 
be a valuable tool in predictive toxicology. In vitro models using animal-derived 
cells are not su�  ciently representative of humans because of species-specifi c 
pharmaco-toxicological e� ects (Laustriat et al. 2010). Since the 1990s, 
embryonic carcinoma and embryonic stem cells have been recognized as 
tools for analyzing mutagenic and cytotoxic e� ects in vitro (Reviewed in 
Rohwedel et al. 2001). iPSCs o� er similar advantages and, therefore provide 
a new model for drug safety testing and for studying the e� ects of chemical 
mutagens on embryonic cells in vitro (Wobus & Loser 2011).

A common limitation for the pharmaceutical industry in the development of 
novel drugs is the lack of a test system to predict toxicity in a human-specifi c 
manner (Kola & Landis 2004). Human pluripotent stem cells, including 
iPSCs, are ideal for such test systems, because they possess several 
characteristics that make them amenable to cell-based screening assays 
and toxicology studies used in drug discovery. This includes their ability to 
self-renew indefi nitely, their capacity to di� erentiate into any cell in the body, 
and their ability to be grown in a three-dimensional culture that mimics the 
microenvironment found in some tissues (Wobus & Loser 2011). Thus, the 
use of iPSC technology in high-throughput toxicity screening assays has the 
potential to o� er important drug response and toxicity information to aid in 
drug development and advancing personalized medicine.
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PROTOCOLS
CULTURE MEDIA
Fibroblast Complete Media

  450 ml DMEM 
  50 ml Fetal bovine serum 
  5 ml Pen/Strep 
  5 ml Glutamine 100x 
  5 ml Non-essential amino acids 100x 
  0.5 ml β-mercaptoethanol

mESC Complete Media

  425 ml Knockout DMEM
  75 ml Fetal bovine serum
  5 ml Pen/Strep 
  5 ml Glutamine 100x
  5 ml Non-essential amino acids 100x 
  0.5 ml β-mercaptoethanol
   0.5 ml LIF 1000X (commercial or 

may also use recombinant)

huES Complete Media

  400 ml DMEM/F12 1:1
  100 ml Knockout serum replacement
  5 ml Non-essential amino acids
  5 ml Glutamine
  5 ml Pen/Strep
  0.5 ml β-mercaptoethanol
  10 ng/ml bFGF

mEB Di� erentiation Media

  425 ml IMDM 
  75 ml Fetal bovine serum
  5 ml Glutamax
  5 ml Pen/Strep 
  18.9 µl Monothioglycerol 
  2 ml FE-saturated trasferrin 
  250 µl Ascorbic acid (50 mg/ml)
  5 ml Non-essential amino acids
  5 ml Sodium pyruvate (100 mM)

PREPARATION OF MEFS FOR 

REPROGRAMMING
1.  Between days E12.5 and E15.5, euthanize a pregnant female.

2. Lay the mouse on her back and cut through the abdomen.

3.  Locate the two uterine horns, the embryos should be clearly visible within 
them at this stage, and dissect out the uterus by cutting once just below 
the cervix and through either oviduct.

4.  To avoid mycoplasma contamination, submerge the uterus completely in 
Wescodyne diluted 1:200 in PBS for 30 sec -1 min. Followed by three 
successive washes in PBS.

5.  In a 10 cm tissue culture plate, use a pair of forceps and scissors to cut the 
embryos out of the uterus.

6.   Remove the head and internal organs from the embryos and transfer each 
embryo to a drop of trypsin in a new 10 cm plate.

     Note: If the head and fetal liver are not completely removed there is a risk 
of contaminating the culture with neural progenitor and 
hematopoietic cells.

7.  Use a pair of scalpels to completely chop up the embryo. It should be 
minced into fi ne pieces.

8.  Add MEF complete media to the plate and titurate the chopped up embryo 
with repetitive pipetting.

9.  Culture the MEFs at 37°C with 4% O2. Do not disturb the plate for the fi rst 
48 hr to give the fi broblasts a chance to grow out.

     Note: While MEFs can be maintained at normoxia (21% O2) for several 
passages, reprogramming e�  ciency declines signifi cantly over time due 
to cellular senescence caused by oxidative stress. If maintaining MEFs at 
normoxia, try to use them prior to passage 4 or even earlier for best results.
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DERIVATION OF iPSCs FROM MURINE OR 

HUMAN FIBROBLASTS
Though we most commonly use cells from a reprogrammable mouse or 
inducible lentiviruses, there are multiple methods that that can be used 
to successfully derive iPSCs (see Table 2 for suppliers), and there are 
advantages and drawbacks for each (see above). Below is a generalized 
protocol for the derivation of iPSC from fi broblasts written for a 6-well 
format, but can be scaled up or down accordingly.
1.  Plate 100,000-200,000 early passage fi broblasts in one well of a 6-well 

plate in fi broblast complete media and allow them to attach overnight (if 
viral infection is not needed, skip to step 3).

2.  Infect 12-24 hr with high titer virus to deliver reprogramming factors.

     Note: Infection time/protocol may need to be adjusted for viral titer/
infection e�  ciency.

3.  During the infection, coat the desired number of 6-well plates in 0.2% 
gelatin for 30 min at 37°C. Aspirate gelatin and plate irradiated feeders 
(CF-1 or DR4 MEFs) at 250,000-500,000 cells/well.

GROWTH AND EXPANSION OF MURINE iPSCs
1.  iPSC clones may be picked either 5 days following removal of doxycycline 

for reprogramming with inducible systems or on about day 20 for 
reprogramming with retroviral and excisable constitutive lentiviral systems. 
When picking, colonies should closely resemble ESCs, however, they may 
have additional di� erentiated cells around and on the colony before the 
fi rst expansion (see Figure 1A for representative images of murine iPS 
colonies). 

    Note: While it is possible to reprogram with non-excisable constitutive 
lentiviruses, the inability to remove exogenous factor expression makes 
the analysis of viral silencing essential.

2.  To pick clones, prepare a 96-well V-bottom plate with 60µl of PBS 
without MgCl2 or CaCl2 per well.

3.  Using an inverted light microscope, manually cut out individual colonies 
by tracing them with a P10 or P20 pipette tip.

4.  Transfer the colony to a 96-well plate with PBS and dissociate it with 
repetitive pipetting.

5.  When the desired number of colonies has been transferred to the 96-well 
plate, add 30 µl 0.25% trypsin per well and incubate at 37°C for 10 min.

6.  Transfer the picked clones to a gelatinized 24-well plate with irradiated 
feeders for expansion.

7.  Change media on iPSCs every other day and split regularly to avoid 
di� erentiation. Always keep cells on gelatin with irradiated feeders. iPSCs 
will grow very fast. To avoid overcrowding, use regular splits of 1:50.

GROWTH AND EXPANSION OF HUMAN iPSCs
1.  Pick colonies that resemble human ESC colonies by using a P10 or P20 

pipette to cut a grid in the colony (see Figure 1B for representative 
image of human iPS colony).

2.  Transfer the separate chunks of the colony to a new 6-well plate with 
gelatin and irradiated feeders.
Note: Human ESCs and iPSCs do not tolerate being single cells in a well; 
do not use enzymatic digestions to passage them.

3.  Change media on human iPSCs daily to avoid di� erentiation. 
Passage manually with a P10 or P20 pipette as described above.

     Note: If experiencing excessive di� erentiation after passaging, adding 
ROCK inhibitor (available from EMD Millipore) to the media immediately 
following passaging may reduce this.

Reprogramming System Factor Delivery Method Distributor

STEMCCA Lentivirus EMD Millipore

Stemgent 4F2A & 4F2A-loxP Lentivirus Stemgent; Sigma

Stemgent mRNA Reprogramming Factors mRNA Stemgent

CytoTune-iPS Sendai virus Invitrogen™

Col1a1tm1(tetO-Pou5f1,-Klf4,-Sox2,-Myc)Hoch/J Reprogrammable Mouse Jackson Laboratory

Col1a1tm4(tetO-Pou5f1,-Sox2,-Klf4,-Myc)Jae/J Reprogrammable Mouse Jackson Laboratory

Table 2: . Commercially available reprogramming systems.

4.  Prior to replating the infected fi broblasts, change the media on the 
feeders to 3ml mES or huES complete media. If using an inducible 
system, add doxycycline to the media at a concentration of 1 µg/ml.

5.  Trypsinize the infected fi broblasts. Plate between 1,000-10,000 
per well of a 6-well plate with gelatin and feeders in mES or huES 
complete media. If using an inducible system, add doxycycline here at a 
concentration of 1 µg/ml.

     Note: The number of cells per well plated here should be determined 
based upon the application and expected reprogramming e�  ciency.

6.  Change the media daily and monitor the plates for emerging colonies. 
See Figure 2A, B, C for representative images of reprogramming 
colonies. Typically, reprogramming cells will display an early burst 
of proliferation, followed by a mesenchymal-to-epithelial transition 
(MET), fi nally forming clusters resembling ESC colonies. Activation of 
endogenous pluripotency loci, which can be monitored with Oct-4-GFP or 
Nanog-GFP lines (available from The Jackson Laboratory) in mice, can be 
seen in a few colonies starting around day 9 of reprogramming.

7.  If using an inducible system, doxycycline should typically be removed 
between days 12 and 15 of reprogramming of murine fi broblasts and 
between days 14 and 21 of reprogramming of human fi broblasts. 
Following doxycycline wash o� , allow 5 days for regression of exogenous 
factor-dependent colonies prior to analyzing or picking iPSCs.
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ANALYSIS OF iPSCs: 

IMMUNOFLUORESCENCE
Throughout reprogramming and following generation of mouse or human 
iPSCs, it can be useful to routinely check for the expression of several key 
transcription factors. Immunofl uorescent analysis that includes a panel of 
antibodies for the detection of Oct-4, Nanog, and Sox2 can be used to track 
the pluripotent potential of iPS cells (Figure 5, 6). The loss of these markers 
indicates a loss of pluripotency or di� erentiation of the culture. 

When working with human iPSCs, it is also useful to perform 
immunofl uorescent analysis of the culture using a panel of antibodies for 
the detection of antigens that are specifi cally expressed on the surface of 
human pluripotent cells; TRA-1-60, TRA-1-81, and SSEA4 (Figure 6). The 
expression of these three markers on the cell surface of human iPS cells 
can be used to track the pluripotent potential of the culture, as loss of these 
surface markers indicates di� erentiation of the culture. For mouse iPS cells, 
the expression of SSEA1 on the cell surface can serve as an indicator of 
pluripotency (Figure 7). 

IN VIVO DIFFERENTIATION OF iPSCs THROUGH 

TERATOMA FORMATION
Teratomas are a relatively simple way to assay for iPSC pluripotency in an 
in vivo context. The assay involves allowing iPSCs to di� erentiate and form 
teratomas following subcutaneous injection into immunodefi cient mice. A cell’s 
pluripotency in this assay is determined by its ability to give rise to derivatives of 
all three embryonic germ layers: endoderm, mesoderm, and ectoderm. 
1.  Grow iPSCs to >60% confl uency for murine iPSCs on feeders and gelatin 

in one well of a 6-well plate for murine iPSCs. For human iPSCs, transfer 
colonies to feeder-free matrigel-coated (BD Biosciences®)10 cm plates prior 
to use to avoid fi broblast contamination; allow the plate to become ~80% 
confl uent before use. Treat human iPSCs with 1 mg/ml Collagenase IV (in 
DMEM/F12) for 5 min at 37°C. For murine iPSCs, trypsinize and transfer to a 
T25 fl ask without gelatin in mES complete media. Incubate the fl ask at 37°C 
for 30 min - 1 hr, then collect and pellet cells. 

     Note: Fibroblasts will attach much more rapidly than iPSCs or ESCs and 
therefore this method (preplating) can be used to greatly enrich for iPSCs 
or ESCs.

2.  Resuspend cells in PBS with MgCl2 and CaCl2 and dilute to 
0.5-1 x 106 cells per 300 µl.

3.  Subcutaneously inject 300µl of the resuspended cells into the rear fl ank 
of a SCID or NOD/SCID mouse with a 23 gauge IM needle. To perform a 
subcutaneous injection, fi rst anesthetize the mouse with isofl urane. Then tent 
the skin on the mouse’s rear fl ank, pulling it up away from the peritoneum, 
with your thumb and forefi nger and gently insert the needle into this space, 
taking care not to enter the peritoneum. Slowly press the plunger on the 
needle down, you should feel a bubble form just underneath the mouse’s 
skin. Remove the needle and check to ensure that none of the injected PBS 
seeps out.

4.  Allow teratomas to grow for 3-6 weeks, then dissect them out for histology. 
An H&E stain of the teratomas should allow you to identify derivatives from 
endoderm, mesoderm, and ectoderm if they are present.

Figure 6: Immunofl uorescent analysis human iPS cells using TRA-1-60(S) 

(TRA-1-60(S)) Mouse mAb #4746 (green, upper right), TRA-1-81 (TRA-1-81) 

Mouse mAb #4745 (green, upper middle), SSEA4 (MC813) Mouse mAb 

#4755 (green, upper left), Oct-4A (C30A3) Rabbit mAb #2840 (green, lower 

right), Sox2 (D6D9) XP® Rabbit mAb #3579 (green, lower middle) and Nanog 

Antibody #3580 (green, lower left). Blue pseudocolor = DRAQ5® #4084 (fl uo-

rescent DNA dye).*

Figure 7: Immunofl uorescent analysis 

of mouse iPSCs using SSEA1 (MC480) 

Mouse mAb #4744. Blue pseudocolor = 

DRAQ5® #4084 (fl uorescent DNA dye).*

TRA-1-60 

Oct-4A

TRA-1-81

Sox2

SSEA4

Nanog

*All antibodies are from Cell Signaling Technology, Inc.

Figure 5: Immunofl uorescent analysis of mouse iPSCs using Nanog (D2A3) 

XP® Rabbit mAb (Mouse Specifi c) #8822 (A) Oct-4A (C30A3) Rabbit mAb 

(Alexa Fluor® 488 Conjugate) #5177 (B), or Sox2 (L1D6A2) Mouse mAb 

#4900 (C). Panel D is the merge.*

Nanog (D2A3) XP® Rabbit mAb 
(mouse specifi c)  #8822

Merge

Oct-4A (C30A3) Rabbit mAb 
(Alexa Fluor® 488 Conjugate) #5177

Sox2 (L1D6A2) Mouse 
mAb #4900

A B

C D



12

DIFFERENTIATION OF MURINE iPSCs IN 

CULTURE THROUGH EMBRYOID BODY (EB) 

FORMATION
1.  Grow iPSCs to >60% confl uency for murine iPSCs on feeders and gelatin 

in a one well of a 6-well plate. Ensure that colonies are shiny and do not 
display signs of di� erentiation.

2.  For murine iPSCs, trypsinize and transfer to a T25 fl ask without gelatin in 
mES complete media. Incubate the fl ask at 37°C for 
30 min - 1 hr, then collect and pellet cells.

3.  Resuspend iPSCs in EB di� erentiation medium at 400 cells 
per 30 µl.

4.  In the lid of a 15cm Petri dish, make 30 µl drops with a multichannel 
pipette. Replace the base of the Petri dish and carefully turn the dish over 
so that the drops are hanging from the lid.

5.  Incubate at 37°C for 3-4 days; EBs should become visible at the bottom 
of each drop by this time.

6.   To collect EBs, invert the lid, wash with PBS, and transfer to a conical 
tube. Allow the EBs to settle, then aspirate the PBS.

7.  Transfer the EBs to 10cm Petri dishes in EB di� erentiation media. Culture 
the EBs on a shaker, shaking slowly, at 37°C. To prevent too much 
evaporation, place a water-fi lled Petri dish on the top and bottom of each 
stack of EB plates. Change media every other day.

      Note: EBs can be collected in the center of the plate by swirling the plate 
in a circular motion; this allows for easier media changes.

From here the embryoid bodies can be driven to di� erentiate into a number 
of diverse cell types derived from all three germ layers. Though this is still 
an area of active research, multiple protocols have been developed capable 
of deriving neurons, skin, hematopoietic, vascular, cardiac muscle, skeletal 
muscle, hepatic, and pancreatic lineages. For reviews of these protocols 
see Keller 2005, Murry & Keller 2008, and Cohen & Melton 2011.

DIFFERENTIATION OF HUMAN iPSCs 

THROUGH EB FORMATION
1.  To avoid fi broblast contamination, grow human iPSCs on matrigel (BD 

Biosciences) prior to use. Treat cells from a 10cm dish with 1mg/ml 
Collagenase IV 5 min at 37°C.

2.  Collect cells, spin, and aspirate. Resuspend pellet in 4 ml hES media 
lacking bFGF and plate onto a 6-well, low attachment plate.

3.  Incubate at 37°C on a shaker to avoid attachment and clumping. 
Change media every other day by spinning the plate in a circular motion, 
collecting EBs in the center, and aspirating media from 
the edge.

4.  Allow EBs to di� erentiate for about 16 days, at which point they may be 
dissociated for analysis or further di� erentiation.

TROUBLE SHOOTING 
GUIDE
COMMON REASONS 

REPROGRAMMING FAILS
1.  Low viral infection e�  ciency or viral titer.

As reprogramming is relatively ine�  cient, it is key that the proportion 
of the starting population expressing all reprogramming factors be 
maximized. It is also important to determine the viral infection e�  ciency 
in the cell type being reprogrammed. Keep in mind that retroviruses can 
only infect dividing cells; if the starting population is slow-dividing, a 
lentivirus may improve your results. Infection e�  ciency can typically be 
done by using immunofl uorescence (see “Protocols” section) to quantify 
the percentage of cells overexpressing the exogenous reprogramming 
factor. It may be necessary to use either an IRES-GFP or a tagged version 
of the reprogramming factor here if the reprogramming factor is already 
expressed in the starting population (e.g. Klf4 or c-Myc in fi broblasts). 
Expression of the exogenous reprogramming factors can also be checked 
on a population level by RT-qPCR.

2.  Elevated cellular senescence or death in the starting population or 
during reprogramming.
Activation of the cellular senescence pathways greatly impedes the 
reprogramming process. If possible, the starting population should be 
maintained at 4% O2 from the time of derivation to the start of reprogramming. 
Reprogramming can also be performed at 4% O2 for an increased e�  ciency, 
which is about 2.5- to 3-fold in the case of secondary MEFs. Cell death could 
also be a reason for reduced reprogramming e�  ciency. In this case it is 
possible that the viral infection is too toxic; try reducing titer or infection time.

3.  Inhibitory media conditions.
Media conditions, particularly serum quality, can have a considerable 
e� ect on reprogramming cultures. Reprogramming e�  ciency varies 
signifi cantly between di� erent lots of serum. It is worthwhile to run a pilot 
test of reprogramming e�  ciency in multiple serum lots. Alternatively, 
knockout serum replacement media can be used for reprogramming (see 
“Protocols” section). Though it is less permissive for fi broblast growth, 
ESCs and iPSCs thrive in knockout serum replacement and can yield 
higher reprogramming e�  ciencies than some serum lots. Additionally, 
there are several additives that have been shown to boost reprogramming 
e�  ciency, such as ascorbic acid, and TGF-β and HDAC inhibitors.

4.  Media changes are too infrequent or cells are too dense.
Media should be changed on reprogramming cells every other day at a 
minimum; if reprogramming is being performed at 4% O2, media should 
be changed daily. Do not allow the media to turn yellow. Failure to 
maintain reprogramming cultures in fresh media will often result in very 
inconsistent reprogramming e�  ciencies and may cause reprogramming to 
fail altogether. This can also occur if the reprogramming culture is seeded 
too densely, as the reprogramming cells will overcrowd, become contact 
inhibited, and use up their resources too quickly. 
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