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The discovery of methods for reprogramming adult somatic cells into induced pluripotent
stem cells (iPSCs) has raised the possibility of producing truly personalized treatment options
for numerous diseases. Similar to embryonic stem cells (ESCs), iPSCs can give rise to any cell
type in the body and are amenable to genetic correction by homologous recombination.
These ESC properties of iPSCs allow for the development of permanent corrective therapies
for many currently incurable disorders, including inherited skin diseases, without using
embryonic tissues or oocytes. Here, we review recent progress and limitations of iPSC
research with a focus on clinical applications of iPSCs and using iPSCs to model human
diseases for drug discovery in the field of dermatology.

irect reprogramming of somatic cells into
Dinduced pluripotent stem cells (iPSCs)
through the ectopic expression of reprogram-
ming factors (Takahashi and Yamanaka 2006;
Okita et al. 2007; Takahashi et al. 2007; Wernig
et al. 2007; Yu et al. 2007) has opened up a new
era in research and therapy. Similar to embry-
onic stem cells (ESCs), iPSCs can be expanded
indefinitely and are capable of differentiating
into all three germ layers (Takahashi and Yama-
naka 2006; Okita et al. 2007; Takahashi et al.
2007; Wernig et al. 2007; Yu et al. 2007). Tradi-
tional techniques for the isolation of human
ESC:s rely on the use of surplus in vitro fertiliza-
tion embryos (Mitalipova and Palmarini 2006).
Therefore, unlike iPSC technology, ESC-based
techniques do not allow for the generation of
genetically diverse patient-specific cells. Fur-

thermore, the use of ESC-derived cells for ther-
apeutic applications may result in immune
rejection, which is not anticipated to be a con-
cern if patient-specific iPSC-derived cells are
returned to the same patient. Thus, iPSC tech-
nology addresses many obstacles associated with
the use of ESCs, including ethical concerns,
and allows for the generation of patient-specific
pluripotent stem cells, which can be genetical-
ly corrected, differentiated into adult lineages,
and returned to the same patient as an autograft
(Yamanaka 2007, 2009; Nishikawa et al. 2008;
Takahashi 2012).

Although iPSCs have tremendous potential
for cell-based drug discoveries, cell therapy, and
disease modeling, extensive analyses are still
required to show the safety and reliability of
the reprogramming technology. Until recently,
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progress in this area has been significantly im-
peded by the lack of efficient protocols for the
differentiation of iPSCs into relevant adult line-
ages/tissues. This was especially apparent in the
field of dermatology, which is unfortunate, be-
cause the skin may be an ideal tissue to initially
apply an iPSC-based therapy. Skin is readily ac-
cessible, easy to monitor, and if an adverse event
should occur, the affected area could be excised.
Nevertheless, significant advances have re-
cently been achieved in the differentiation of
both mouse and human iPSCs into keratino-
cytes (Bilousova et al. 2011a; Itoh et al. 2011;
Bilousova and Roop 2013), melanocytes (Ohta
etal. 2011), and fibroblasts (Hewitt et al. 2011);
thus, opening the possibility of expanding iPSC
technology into the field of dermatology. This
article discusses the prospect of using iPSC
technology as a tool to study the skin and its
pathology and cure genetic skin diseases.

IN SEARCH OF PLURIPOTENCY

The remarkable phenotypic stability and low
proliferative capacity of differentiated adult cells
limit their applications in personalized regener-
ative medicine and have triggered an extensive
search for sources of pluripotent stem cells suit-
able for the clinic.

One of the potential sources of pluripotent
stem cells is ESCs. In mammals, embryonic de-
velopment is characterized by a gradual decrease
in differentiation potential and an increase in
the specialization of cells as they commit to
the formation of adult lineages and tissues that
constitute the embryo. The developmentally
versatile pluripotent ESCs residing in the inner
cell mass of the blastocyst (Thomson et al. 1998)
exist for a brief period of time during develop-
ment and eventually differentiate into more spe-
cialized multipotent stem cells (Fig. 1). Whereas
human pluripotent ESCs still hold great prom-
ise in regenerative medicine and drug discov-
eries, ethical concerns and the possibility of
immune rejection of tissues derived from allo-
geneic ESCs have hindered the therapeutic ap-
plication of these cells.

Attempts to derive pluripotent stem cells
from adult somatic cells were influenced by ear-

@

Pluripotent stem cells

@@&2@

‘/ ﬂ. Multipotent stem cells ﬂ %’
Co 7]y @@

Co@

Terminally differentiated cells

Figure 1. Stem cell hierarchy. Pluripotent stem cells
have the capacity for self-renewal and only exist in an
early stage of embryogenesis. They give rise to all
types of more specialized multipotent stem cells of
the adult organism. Multipotent stem cells also show
a self-renewal capacity; however, they are committed
to produce only a restricted range of adult somatic
cells and terminally differentiated progeny.

ly nuclear transfer experiments performed in
the 1950s using frogs, Rana pipiens (Briggs
and King 1952) and Xenopus laevis (Gurdon
etal. 1958), as a model system. These early stud-
ies documented the feasibility of reprogram-
ming adult frog somatic cell nuclei by the cyto-
plasm of enucleated unfertilized frog oocytes
and generation of cloned frogs. Similar reports
of successful nuclear reprogramming, either
by transferring somatic cell nuclei into oocytes
(Kimura and Yanagimachi 1995; Wakayama
etal. 1998) or by fusing somatic cells with pluri-
potent stem cells (Ambrosi and Rasmussen
2005), were published. However, it was the clon-
ing of Dolly the sheep (Wilmut et al. 1997) that
showed the possibility of complete reprogram-
ming of somatic cells from mammals back into
the pluripotent state. Following somatic cell nu-
clear transfer (SCNT), the adult cell’s nucleus is
exposed to the cytoplasm of an unfertilized egg
and returned to a pluripotent state from which
it can develop an entire animal. Dolly’s birth
(Wilmut et al. 1997) and the first report of the
derivation of human ESCs shortly thereafter
(Thomson et al. 1998) led to wide speculations
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about the possibility of therapeutic cloning.
However, the difficulty of obtaining donated
oocytes, which are required to perform SCNT,
as well as ethical concerns, limits the applicabil-
ity of human therapeutic cloning in the clinic.

The success in using a cell from an adult
animal to generate another healthy, fertile adult
has shown that unfertilized eggs and ESCs con-
tain a set of factors that can confer pluripotency
to somatic cells. Encouraged by these findings,
Takahashi and Yamanaka (2006) analyzed 24
genes that were specifically expressed in ESCs
as candidates for factors that induce pluripo-
tency in murine somatic cells. They identified
a combination of four factors that when ectop-
ically expressed was sufficient to revert differen-
tiated mouse somatic cells into embryonic-like
cells that were similar to ESCs. The factors were
Oct-4 (also known as POU5F1), sex determin-
ing region Y (SRY)-box2 (Sox-2), Kriippel-like
factor 4 (KIf-4), and c-Myc (Takahashi and Ya-
manaka 2006). The iPSCs resulting from this
manipulation functioned in a manner undistin-
guished from mouse ESCs: they were capable of
forming multiple cell types in vitro and in vivo,
they expressed markers associated with plurip-
otent cells, and perhaps most importantly, they
could be used to make fertile mice (Takahashi
and Yamanaka 2006; Okita et al. 2007). A sim-
ilar combination of factors (Takahashi et al.
2007; Wernig et al. 2007) as well as an alternative
combination of Oct-4, Sox-2, Nanog, and Lin-
28 (Yu et al. 2007) were later shown to be suffi-
cient to reprogram human somatic cells into the
pluripotent state (Fig. 2), thus, launching a new
era in regenerative medicine and tissue engi-
neering.

THE GENERATION OF iPSCS

Since the development of the first protocols for
the generation of mouse iPSCs, followed by the
generation of human iPSCs, a variety of repro-
gramming protocols have been published and
various combinations of reprogramming fac-
tors in the form of transcription factors or mi-
croRNAs (miRNAs) have been used. The initial
protocols for the generation of both mouse and
human iPSCs relied on the use of integrating
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Figure 2. Reprogramming human somatic cells with
four transcription factors. Both mouse and human
somatic cells can be reprogrammed into embryonic
stem cell—like iPSCs as a result of exogenous expres-
sion of four transcription factors: Oct-4, Sox-2, Klf-4,
and c-Myc. An alternative combination of Oct-4,
Sox-2, Nanog, and Lin-28 can also be used to achieve
reprogramming of human somatic cells. The result-
ing iPSCs resemble ESCs at the phenotypic, function-
al, and molecular levels.

retro- and lentiviral vectors to deliver the exog-
enous reprogramming factors into somatic cells
(Takahashi and Yamanaka 2006; Takahashi et al.
2007; Yu et al. 2007; Wernig et al. 2008; Sommer
etal. 2009, 2012). However, the observation that
the expression of reprogramming factors was
only essential in the initial steps of reprogram-
ming and silencing of exogenous reprogram-
ming factors must occur for the successful di-
rected differentiation of iPSCs (Takahashi and
Yamanaka 2006; Okita et al. 2007) has opened
the possibility for developing genome integra-
tion-free approaches without the risk for per-
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manent genetic modifications caused by inser-
tional mutagenesis. A number of genome in-
tegration-free techniques for the generation of
iPSCs have subsequently been published with a
focus on accelerating the transition of iPSC-
based technology into the clinic.

Somatic cells have been successfully repro-
grammed with expression plasmids encoding
the reprogramming factors (Okita et al. 2008)
and adenoviruses (Stadtfeld et al. 2008; Zhou
and Freed 2009). However, these approaches
are not considered clinically safe because of a
potential risk of genomic integrations and mu-
tagenesis. Similarly, the use of PiggyBac trans-
posons (Yusa et al. 2009) may be associated with
point mutations and chromosomal rearrange-
ments. Recently, iPSCs were generated with a set

A Chemical compounds
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of miRNAs alone (Anokye-Danso et al. 2011).
However, the method for the delivery of repro-
gramming miRNAs also relies on the use of
integrating lentiviral vectors (Anokye-Danso
et al. 2011), and the only report of reprogram-
ming with direct transfections of mature miR-
NAs showed an extremely low efficiency
(Miyoshi et al. 2011). More clinically relevant
approaches require a DNA-free delivery of
reprogramming factors to avoid the potential
integration of the exogenous DNA into the ge-
nome. Examples of DNA-free reprogramming
approaches are shown in Figure 3.

One potentially safe approach to generate
iPSCs is to use small chemical compounds to
substitute for the expression of reprogramming
factors. Many small molecules that can func-
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Figure 3. Clinically relevant DNA-free approaches to reprogram human somatic cells into iPSCs. (A) Chemical
compounds that substitute for the expression of ectopic reprogramming factors have been identified and may be
used for the reprogramming of human somatic cells. However, exogenous expression of Oct-4 is still required for
this method to produce iPSCs. (B) RNA-containing Sendai viruses can be used to deliver reprogramming factors
into somatic cells. The Sendai viral genome is not able to integrate into the host genomic DNA, and viral vectors
are slowly diluted during the robust cell division of iPSCs. (C) Reprogramming can be achieved with purified
recombinant reprogramming proteins fused to either HIV-TAT or polyarginine peptides. Both peptides are cell-
penetrating peptides and can deliver large cargo proteins into cells. (D) The direct transfection of modified
synthetic messenger RNAs (mRNAs) encoding the reprogramming factors can also be used to reprogram

somatic cells.
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tionally replace exogenous reprogramming fac-
tors and enhance the efficiency of reprogram-
ming have been identified (Zhang et al. 2012).
However, the requirement for the exogenous
expression of Oct-4 in the human reprogram-
ming protocol that uses a cocktail of defined
small molecules limits the applicability of this
approach in the clinic (Zhu et al. 2010; Zhang
et al. 2012). Nonetheless, a recent study by
Hou et al. (2013) found a set of small-molecule
compounds that can reprogram mouse cells
into iPSCs without the expression of any exog-
enous reprogramming factors, suggesting that a
complete combination of chemical compounds
suitable for the reprogramming of human so-
matic cells may be identified in the future.

Another possibility for exogenous DNA-free
reprogramming uses a nonintegrating RNA-
containing Sendai virus (Fusaki et al. 2009;
Banetal. 2011). Sendai virus is a negative-strand
RNA virus that belongs to the Paramyxoviridae
family (Nakanishi and Otsu 2012). It replicates
in the cytoplasm of infected cells, does not go
through a DNA phase that can integrate into
the host genome, and has been successfully
used to introduce foreign genes in a wide spec-
trum of host cells (Nakanishi and Otsu 2012).
Sendai viral vectors are currently being applied
in gene therapy studies for cystic fibrosis and
vaccines (Nakanishi and Otsu 2012), and have
been shown to induce reprogramming with high
efficiency (Fusaki et al. 2009; Ban et al. 2011).
Although Sendai viral vectors are slowly diluted
during the robust cell division of iPSCs, more
studies are required to confirm the clinical safety
of reprogramming with this approach.

Several reports indicate that iPSCs can also
be generated without the use of any nucleic ac-
ids by fusing reprogramming factors with cell-
penetrating peptides (Kim et al. 2009; Zhou
et al. 2009). The identification of a group of
proteins with an enhanced ability to cross the
plasma membrane in a receptor-independent
manner has led to the discovery of a class of
protein domains with cell-penetrating proper-
ties. The fusion of these domains with heterol-
ogous proteins is sufficient to allow their rapid
transduction into different cells in a concentra-
tion-dependent manner. The most commonly

Induced Pluripotent Stem Cells in Dermatology

used cell-penetrating peptides are the HIV-1
transcriptional activator TAT protein and poly-
arginine (Frankel and Pabo 1988; Green and
Loewenstein 1988). The fusion of reprogram-
ming factors with TAT or polyarginine protein
transduction domains has been shown to be
sufficient for reprogramming somatic cells
(Kim et al. 2009; Zhou et al. 2009). Although
being potentially the safest approach, the low
efficiency of iPSC generation with cell-penetrat-
ing proteins (0.001%) and technical difficulties
associated with protein purification prevent an
easy transition of this methodology into the
clinic. A more promising approach for the trans-
gene-free generation of iPSCs may be the use
of synthetic modified mRNAs encoding the re-
programming factors. This approach has been
shown to reprogram a variety of cell lines with
the efficiency that surpasses that of the other
integration-free protocols (Warren et al. 2010,
2012). The only disadvantage of mRNA-based
reprogramming, however, is that mRNA mole-
cules must be delivered into the cells every day
until the reprogramming is complete.

DONOR CELL TYPES FOR
REPROGRAMMING

Unlike ESCs, which can be derived only from
the developing embryo, iPSCs have been gener-
ated from multiple easily accessible cell types,
such as dermal fibroblasts, keratinocytes, mela-
nocytes, peripheral blood CD34™" cells, etc.
Fibroblasts are the most commonly used cell
type for reprogramming because of their acces-
sibility and easy culture conditions. As a result,
the reprogramming process has been extensive-
ly studied in these cells and shown to follow an
organized sequence of events, which begins with
the down-regulation of somatic gene expression
(Polo et al. 2012). The first step of reprogram-
ming in fibroblasts requires a mesenchymal-
to-epithelial transition (MET) (Esteban et al.
2012), which is followed by the activation of
the early pluripotency markers SSEA-1 and
alkaline phosphatase before bona fide pluripo-
tency genes NANOG and OCT-4 become in-
volved and provide an independence from ex-
ogenous factor expression (Polo etal. 2012). The
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requirement for MET as a first step in repro-
gramming of fibroblasts may partly explain
why cells of epithelial origin, such as keratino-
cytes, are easier to reprogram (Aasen et al. 2008;
Gadue and Cotsarelis 2008). Although the
exact mechanism of reprogramming remains
unknown, the removal of epigenetic modifica-
tions, which restrict expression of pluripotency
genes in somatic cells, seems to play a predom-
inant role in the process (Polo et al. 2012; Wata-
nabe et al. 2013).

Somatic cells show different reprogram-
ming capacity depending on their origin, rate
of proliferation, and gene expression profiles,
and selecting the appropriate donor line for re-
programming may be critical not only to achieve
the highest efficiency and quality of reprogram-
ming, but also to attain maximum differentia-
tion capacities of the resulting iPSCs. For in-
stance, epigenetic profiling of iPSCs revealed
that the reprogrammed cells retain epigenetic
marks of the cell type of origin (Kim et al.
2010, 2011), although these marks disappear
on continued passaging (Polo et al. 2010). This
short-term genetic memory may provide an ad-
vantage in achieving the higher differentiation
efficiency of early-passage iPSCs into a target
adult lineage /tissue, which might be particular-
ly relevant to iPSCs derived from keratinocytes
or melanocytes. Not only can keratinocytes and
melanocytes be reprogrammed with a higher
efficiency than fibroblasts (Aasen et al. 2008;
Utikal et al. 2009), the residual epigenetic mem-
ory in keratinocyte- and melanocyte-derived
iPSCs may allow for easier differentiation back
into the corresponding original cell type for cell
replacement. One drawback in using skin cells
such as keratinocytes and melanocytes for re-
programming is the potential accumulation of
DNA mutations caused by continuous exposure
of the skin to UV light. However, this problem
can be avoided if biopsies are taken from non-
sun-exposed sites such as armpits.

APPLICATION OF iPSCS IN DERMATOLOGY

Essentially all of the most devastating forms of
inherited skin diseases such as the epidermoly-
sis bullosa (EB) subtypes and congenital ich-

thyoses (Khavari 1997; DiGiovanna and Robin-
son-Bostom 2003; Smith 2003) are caused by
known monogenic defects, which, in theory,
should enable their correction at the genetic
level. The correction achieved in iPSCs derived
from a patient with a skin disease may be fol-
lowed by the differentiation of these corrected
iPSCs into autologous skin cells for transplan-
tation. In addition to genetic skin disorders,
iPSC technology may potentially be applicable
to wound healing, depigmentation disorders,
and cosmetic dermatology.

The successful development of iPSC-based
therapies for inherited skin disorders depends
on four important steps (Fig. 4). First, cells need
to be isolated from a patient’s skin biopsy. Sec-
ond, these cells have to be reprogrammed into
iPSCs. Third, the genetic defects in generated
iPSCs need to be corrected by safe approaches,
preferentially through homologous recombina-
tion (HR). Fourth, these genetically corrected
patient-specific pluripotent cells have to be dif-
ferentiated into the cell type relevant to their
disease, followed by transplantation onto the
same patient as an autograft. Uncorrected iPSCs
may also be used as a source of disease-relevant
patient-specific cells for in vitro disease model-
ing and in vivo xenograft modeling, which
would offer platforms for yielding new insights
into disease mechanisms and drug discovery.

Reprogramming Cells from Patients with
Inherited Skin Diseases

The generation of iPSC lines from patients with
genetic disorders provides an unlimited supply
of cells for studies and opportunity to repair
gene defects in vitro, as long as iPSCs can be
differentiated into relevant cell types. To date,
human iPSCs have been generated for several
genetic skin disorders including type VII col-
lagen (Col7)-deficient recessive dystrophic epi-
dermolysis bullosa (RDEB) (Itoh et al. 2011;
Tolar et al. 2011), LAMB3 gene-deficient junc-
tional epidermolysis bullosa (JEB) (Tolar et al.
2013), p63 mutant ectrodactyly, ectodermal
dysplasia, and cleft lip/palate (EEC) syndrome
(Shalom-Feuerstein et al. 2013), epidermolytic
hyperkeratosis with a dominant N188S keratin 1
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Figure 4. Dermatological applications of iPSCs. The generation of iPSCs allows for the development of stem cell
replacement strategies to treat genetic skin disorders and modeling these diseases with the goal to producing
novel therapeutic options for patients. Initially, cells need to be isolated from a skin biopsy of a patient with a
genetic skin disease. Suitable cell types for reprogramming are keratinocytes, melanocytes, and fibroblasts.
During reprogramming, cells acquire ESC properties and undergo “rejuvenation,” as can be determined by
the elongation of telomeres and restoration of the mitochondrial function. The resulting iPSCs can then be
genetically corrected by HR. The corrected iPSC clones can be differentiated into relevant cell types for trans-
plantation and returned back to the patient as an autograft. Alternatively, uncorrected iPSCs can be differen-
tiated into cell types relevant to the disease of interest for modeling the disease in organotypic cultures or
recapitulating the disease phenotype in vivo by transplanting onto immunodeficient mice as a xenograft.

mutation (Bilousova et al. 2011b), and epi-
dermolysis bullosa simplex (EBS) with a dom-
inant R125C Kkeratin 14 mutation (Bilousova
et al. 2012). In addition, iPSCs have been ob-
tained from patients with dyskeratosis conge-
nita (DC), a disease of telomere maintenance
that manifests itself in multiple organ failures,
cancer, and age-associated skin phenotypes
such as dyskeratotic nails, delayed wound heal-
ing, and hair loss (Agarwal et al. 2010; Agarwal
and Daley 2011; Batista et al. 2011).

Attempts have also been made to correct the
defects in iPSCs generated from skin disorders.

In the study by Tolar et al. (2013), a LAMB3-
encoding lentivirus was used to correct kerati-
nocytes derived from JEB-iPSCs (Tolar et al.
2013). In another study by Tolar et al. (2011),
transient gene correction of COL7AI gene-de-
ficient RDEB-iPSCs was achieved via the trans-
fection with an expression plasmid encoding the
wild-type human COL7 gene (Tolar et al. 2011).
The “corrected” RDEB-iPSCs were differentiat-
ed into structures resembling skin and cells of
a hematopoietic lineage through teratoma for-
mation (Tolar et al. 2011). Wild-type, congenic
bone marrow-residing mesenchymal cells have
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been previously shown to engraft into the skin,
regenerate injured epithelia, and restore Col7
production in blistered areas of RDEB patients
(Tolar et al. 2009) and mouse models (Fujita
et al. 2010; Tamai et al. 2011). Thus, corrected
iPSCs may provide an unlimited source of au-
tologous cells of both epidermal and mesenchy-
mal lineages for the treatment of RDEB and
potentially other skin blistering diseases.

Differentiation of iPSCs into Skin Cells

The ability to differentiate iPSCs into relevant
cell types is an important prerequisite for the
successful development of iPSC-based treat-
ment strategies. Keratinocytes, melanocytes, and
fibroblasts have been recently obtained from
iPSCs. Mouse and human iPSCs have been dif-
ferentiated into keratinocytes by sequential ap-
plications of retinoic acid and bone morphoge-
netic protein-4 (BMP4) (Bilousova et al. 2011a;
Itoh et al. 2011; Bilousova and Roop 2013).
Mouse iPSC-derived keratinocytes were shown
to form an epidermis and skin appendages when
grafted with mouse fibroblasts onto athymic
nude mice (Bilousova et al. 2011a), whereas hu-
man iPSC-derived keratinocytes were able to
establish a functional organotypic skin in cul-
ture (Itoh et al. 2011). Keratinocytes were also
generated from RDEB-iPSCs (Itoh et al. 2011),
JEB-iPSCs (Tolar et al. 2013), EEC-iPSCs (Sha-
lom-Feuerstein et al. 2013), and EBS-iPSCs (Bi-
lousova et al. 2012) and were shown to recapit-
ulate the phenotypes of corresponding diseases
when grown in vitro. Melanocytes can be de-
rived from iPSCs by supplementing the culture
with Wnt3a, stem cell factor, and endothelin-3
(Ohta et al. 2011), and the treatment of iPSC
cultures with EGF and BMP4 can produce fi-
broblasts (Hewitt et al. 2011). Although proto-
cols for the differentiation of iPSCs into the
main skin cell types now exist, rigorous studies
have not been performed to determine whether
these iPSC-derived cells are identical to their
normal skin equivalents.

Customized Gene Correction Therapy

Current technologies for gene transfer into so-
matic skin cells suffer from many limitations.

One of the biggest obstacles is the availability
of safe vectors that are able to produce long-
lasting therapeutic effects with low risk of
insertional mutagenesis. Plasmid- and adenovi-
ral vector-based approaches for gene delivery
are inefficient in inducing a long-term correc-
tive effect in keratinocytes and associated with
biosafety concerns (Khavari 2000; Ortiz-Urda
et al. 2002). Thus, a genetic correction therapy
via HR may be the only permanent cure for
inherited skin diseases, especially for those in-
volving recessive loss-of-function mutations, as
occurs in JEB and RDEB. Because the epidermis
is continuously renewed by adult stem cells re-
siding in the proliferative basal layer, any per-
manent genetic correction must target this stem
cell population. However, to date, no one has
reported the successful use of HR technology to
correct a defective gene in human keratinocyte
stem cells. The only successful clinical trial for
permanent gene correction of a blistering dis-
ease, in this case, JEB, was performed by Mavilio
et al. (2006) and used a retroviral vector to re-
store expression of laminin 322. That trial was
placed on hold because of safety concerns with
the use of retroviral vectors (De Luca et al. 2009).

There are several approaches to induce HR
that can be coupled with the generation of iPSCs
to achieve genetic repair of inherited skin dis-
eases. Enhanced HR in iPSCs could be achieved
using chimeric molecules composed of a nucle-
ase domain and separate, customized DNA-rec-
ognition domains. These chimeric molecules
can introduce a double-strand break (DSBs) in
a specific DNA sequence. The presence of exog-
enous donor DNA carrying the correct gene se-
quence and homology with the sequence flank-
ing the DSB triggers HR and replacement of
the defective gene with the corrected one (Carl-
son et al. 2012). Zinc-finger nucleases (ZFNs)
(Kim et al. 1996; Bibikova et al. 2003; Porteus
and Baltimore 2003) and transcription activa-
tor-like effector nucleases (TALENs) (Boch et
al. 2009; Moscou and Bogdanove 2009; Chris-
tian et al. 2010) are the main representatives
of chimeric endonucleases capable of intro-
ducing specific DSBs into genomic DNA and
widely used as tools for research and gene ther-
apy. In addition to ZFNs and TALENS, a novel
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nuclease-based technique has recently been
adapted to achieve genomic editing in human
iPSCs. This technique uses the type II prokary-
otic CRISPR (clustered regularly interspaced
short palindromic repeats) /CRISPR-associated
(Cas) systems, which when directed by short
RNAs can induce precise cleavage at endoge-
nous genomic loci with high efficiency (Jinek
etal. 2013; Malietal. 2013). ZFN-, TALEN-, and
CRISPR/Cas-based gene modification strate-
gies have been successfully used on human
and mouse ESCs and iPSCs (Hockemeyer
et al. 2009, 2011; Mali et al. 2013). In addition,
arecent study by Osborn et al. (2013) shows the
potential for using chimeric endonucleases in
personalized genome-editing strategies for the
treatment of inherited skin disorders. Using
TALENS, the investigators achieved a specific
heterozygous correction of COL7AI gene mu-
tation in primary fibroblasts isolated from a
RDEB patient. These corrected fibroblasts were
then used to generate iPSCs suitable for the
differentiation into corrected autologous kera-
tinocytes (Osborn et al. 2013). The proof-of-
principal research by Osborn et al. (2013) pro-
vides an important set of data that warrants
further studies on the applicability of nucle-
ase-based genome-editing approaches for the
correction of inherited skin diseases.

The Potential of Cellular Reprogramming
for Tissue Rejuvenation

The generation of iPSCs coupled with gene tar-
geting may solve many obstacles that are asso-
ciated with gene correction in somatic cells.
Unlike somatic cells, iPSCs can be expanded in-
definitely, allowing for the easier selection and
expansion of corrected clones. In addition, the
process of reprogramming leads to the “rejuve-
nation” of fully competent cells as shown by the
down-regulation of senescent pathways, elonga-
tion of telomeres, and restoration of the mito-
chondrial function (Marion et al. 2009; Suhr
et al. 2009, 2010; Prigione et al. 2010; Lapasset
et al. 2011). Reports indicate that iPSCs can be
derived from very old patients (Dimos et al.
2008; Lapasset et al. 2011), and these iPSCs
can be differentiated into fibroblasts that show

Induced Pluripotent Stem Cells in Dermatology

a “rejuvenated” phenotype with respect to telo-
mere length and mitochondrial function (La-
passet etal. 2011). Reprogramming also restores
telomere length in cells derived from patients
with autosomal dominant DC, caused by het-
erozygous mutations in the catalytic protein
component of telomerase TERT (Agarwal et al.
2010), promising novel therapeutic benefits for
these patients. Thus, reprogramming may hold
a key toward tissue rejuvenation and provide in-
sights into mechanisms underlying aging and
longevity. Although it is now clear that cells
from older patients can be reprogrammed, more
studies will be needed to better understand how
age impacts iPSC quality and how the “rejuve-
nating” properties of reprogramming can be
used for reversing skin aging and improving
outcomes of stem cell-based therapies for
skin disorders. As a particular example, the gen-
eration of iPSCs from a patient with a genetic
skin disorder may potentially provide a source
of “rejuvenated” adult skin stem cells that are
most likely exhausted as a result of unsuccessful
attempts to repair blistered tissues. The exhaus-
tion of keratinocyte stem cells was especially
apparent in the reported case of using geneti-
cally corrected keratinocyte stem cells for the
treatment of a patient with JEB (Mavilio et al.
2006). Also, the “rejuvenating” properties of re-
programming may potentially be applicable for
the treatment of chronic wounds in the elderly,
providing autologous, young-like skin cells for
transplantation.

Revertant Mosaicism as Natural Gene
Therapy

Although ZFNs, TALENs, and CRISPR/Cas
systems can dramatically increase the efficiency
of genetic correction in iPSCs, extensive genetic
analysis will be required to eliminate the con-
cern of offtarget events that may occur if iPSCs
are genetically corrected with these approaches.
Naturally occurring somatic reversions may of-
fer an alternative source of genetically corrected
cells suitable for transplantation.

“Natural” somatic reversions of inherited
mutations are observed in many human genet-
ic diseases such as Fanconi anemia (Kalb et al.
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2007), Bloom syndrome (Ellis et al. 2001), Wis-
kott—Aldrich syndrome (Stewart et al. 2007), as
well as inherited skin disorders (reviewed in Lai-
Cheong et al. 2011; Pasmooij et al. 2012). There
are a number of reports of revertant mosaicism
in patients with inherited skin disorders includ-
ing RDEB (Jonkman et al. 1997), JEB (Pasmooij
et al. 2007), EBS (Schuilenga-Hut et al. 2002),
and ichthyosis with confetti (Choate et al.
2010). Revertant mosaicism manifests as patch-
es of normal skin in patients with genetic skin
disorders. These patches represent a clonal out-
growth of cells with acquired secondary mu-
tations that negate the effects of the primary
mutation and reverse the phenotype of the dis-
ease. Several mechanisms are responsible for the
second “correcting” gene event in revertant cells
and include gene conversion, second-site mu-
tation, intragenic crossovers, etc. (Lai-Cheong
etal. 2011; Pasmooij et al. 2012). Thus, the gen-
eration of iPSCs from spontaneously revertant
skin cells in diseases such as RDEB or JEB may
provide an unlimited supply of naturally cor-
rected cells for a cell replacement therapy.

iPSCs for Disease Modeling

Although skin cells can be easily isolated from
a patient’s biopsy, expanded, and used for mod-
eling inherited skin disorders in organotypic
cultures, their short lifespan limits their appli-
cability for in vitro studies. Immortalization of
somatic cell lines relies on the constitutive ex-
pression of oncogenes, which may dramatically
influence the phenotype of cell types of inter-
est. The iPSC technology provides a renewable
source of patient-specific cells, which, on subse-
quent differentiation into relevant cell types, can
be used to generate patient-specific organotypic
or in vivo xenograft models (Fig. 4). The skin
cells derived from disease-specific iPSCs main-
tain their phenotype in 3D cultures, as shown by
the differentiation of RDEB-iPSCs into kerati-
nocytes (Itoh etal. 2011), and may be invaluable
for research on many aspects of skin biology and
inherited skin diseases. The ability to genetically
manipulate iPSCs will also allow the modeling
of skin diseases by targeted mutagenesis of the
relevant genes without the use of ESCs. This

may be of particular importance for modeling
rare inherited skin disorders such as RDEB,
EBS, and JEB. A low incidence of these diseases
worldwide limits the accrual of data for research
and impedes progress in developing therapeutic
strategies for these skin conditions.

CHALLENGES IN iPSC RESEARCH

Although considerable progress has been made
in deriving iPSCs from patients and differen-
tiating them into tissues of interest, the use
of iPSCs as a platform for studying diseases
and development of therapies is just emerg-
ing. There are several challenges that must be
addressed before the transition of iPSCs into
the clinic. They include the safety of methodol-
ogies for the generation, genetic correction, and
differentiation of iPSCs, and the high cost as-
sociated with the repair of genetic defects in
patient-derived iPSCs and subsequent trans-
plantation of corrected iPSC-derived cells back
into the patient.

The first major challenge is in the repro-
gramming method itself. Although genome in-
tegration-free approaches are widely used for
the generation of iPSCs, the safety and reliability
of these methods are currently under investiga-
tion.

Second, iPSCs, like ESCs, are predisposed
to teratoma formation when they are not com-
pletely differentiated into somatic cells. Al-
though efficient differentiation protocols have
been developed, currently available cell puri-
fication technologies may not completely
separate out the differentiated cells from undif-
ferentiated iPSCs. This may pose a risk of trans-
planting undifferentiated or partially differenti-
ated iPSCs into the patient. In addition, several
recent genomic and epigenetic analyses have
suggested that genomic abnormalities such as
the accumulation of mutations and aberrant
DNA methylation of certain single bases occur
in iPSCs, either by reprogramming itself or sub-
sequent culture conditions (Mayshar et al. 2010;
Gore et al. 2011). However, the observed geno-
mic abnormalities and accumulation of mu-
tations may be caused by the method used for
the generation of iPSCs, rather than reprogram-
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ming itself. Indeed, a recent study indicates that
iPSCs generated by nonintegrating approaches
show a significantly lower number of somatic
mutations than the cells generated with inte-
grating approaches (Cheng et al. 2012). There-
fore, more extensive and thorough genomic and
epigenetic studies must be performed before
applying iPSCs in the clinic.

Although using a patient’s own cells to gen-
erate iPSC-derived cells is thought to elimi-
nate the concern with immune rejection, one
report indicates that iPSCs may be immuno-
genic (Zhao et al. 2011). This study assessed
the immunogenicity of iPSC-derived teratomas
formed by subcutaneous injection of undiffer-
entiated mouse iPSCs. Given that teratomas are
a type of tumor, their rejection by the recipient
is more likely an indication of tumor immunity
and may not be relevant to immune responses
triggered by somatic cell transplantation. In-
deed, a recent publication indicates that termi-
nally differentiated cells derived from mouse
iPSCs do not trigger an immune response in
syngeneic recipients (Araki et al. 2013), suggest-
ing that iPSC-derived cells might be well toler-
ated by the immune system. Nevertheless, fur-
ther studies will need to be performed to rule
out any possibilities of an iPSC-mediated im-
mune response in patients. Another aspect of
immune rejection with iPSC-based therapy is
related to gene correction. This may be of par-
ticular importance for the genetic correction of
skin diseases with homozygous null mutations
of relevant genes such as RDEB. Reintroduction
of a protein unfamiliar to the host may trigger
an immune response and eventual rejection of
corrected iPSC-derived cells. Prescreening for
patients with compound heterozygous muta-
tions or the expression of truncated, nonfunc-
tional forms of the protein of interest may par-
tially solve the issue of immune rejection on
transplantation of corrected cells.

CONCLUSION

Because of its easy accessibility, the skin is an
attractive organ to test novel concepts of regen-
erative medicine, and iPSC-based therapeu-
tic strategies for the treatment of inherited skin
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diseases are a great example. The potential of
iPSCs for generating platforms to better under-
stand disease mechanisms, drug screening, and,
ultimately, iPSC-based therapeutic approaches
is enormous and offers the possibility for truly
personalized medicine. iPSCs would not only
eliminate the need for generating ESCs from
fertilized human embryos, but also avoid the
complication of immune responses inevitable
during the transplantation of allogeneic cells.
Although still in its youth, the iPSC field is gain-
ing momentum and it holds great promise for
changing the way we treat patients with inher-
ited skin diseases and reversing age-associated
conditions that affect the skin. It is no surprise
that the 2012 Nobel Prize in Physiology or Med-
icine was coawarded to Sir John Gurdon for his
pioneering discovery that the cytoplasm of frog
oocytes contained factors that could reprogram
the nucleus of adult somatic cells to generate
viable frogs, and Shinya Yamanaka for discover-
ing the actual identity of these reprogramming
factors, which opened the door for using iPSC-
based technology for the treatment of a variety
of human diseases including skin diseases.
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