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Introduction

This application addresses the FY11 PRMRP Topic Area, Epidermolysis Bullosa, and proposes to
develop stem-cell based therapies for junctional epidermolysis bullosa (JEB), which is one of the most severe
forms of epidermolysis bullosa (EB), a group of rare inherited skin blistering diseases. JEB sentences those
afflicted to a life of severe pain and disability due to constant blistering and scaring, and in some cases, early
death. These diseases are devastating and despite all efforts, current therapy for EB is primarily limited to
wound care. Therefore, there is a desperate need for the development of a safe stem cell-based approach for
EB which would provide a permanent corrective therapy. To accomplish this goal, we are proposing to develop
stem-cell based therapies for EB using autologous induced pluripotent stem cells (iPSC) derived from skin
cells harvested from the same EB patient. We hypothesize that using genetically corrected patient-specific
iPSC-derived keratinocyte stem cells for skin grafting in combination with iPSC-derived hematopoietic and
mesenchymal stem cells for transplantation will be effective in correcting both lesions within the skin as well as
in mucosal epithelia.

Body

Aim 1: To determine the histocompatibility of iPSC-derived keratinocytes and mesenchymal cells. The
assumption has been made that patient-specific iPSCs could be used to generate an unlimited supply of adult
stem cells that could then be returned to the same patient as an autograft without the risk of rejection.
However, the possibility remains that the reprogramming process may alter the expression of histocompatibility
antigens that would result in immune rejection. To rigorously examine the histocompatibility of iPSC-derived
keratinocytes and mesenchymal cells, we proposed to use a mMRNA-based reprogramming protocol to
generate iPSC from keratinocytes isolated from the inducible JEB mouse model (LAMA3""/K14-Cre.ER)
obtained from Dr. Monique Aumailley. To follow iPSC-derived keratinocytes and mesenchymal cells when they
are grafted/transplanted into syngeneic JEB mice, we proposed to mate these mice, which are congenic on a
C57BL/6J background, with IRG transgenic mice, a double-fluorescent, Cre-reporter strain which expresses
red fluorescence protein (RFP) prior to Cre recombinase exposure, and green fluorescence protein (GFP)
following Cre-mediated recombination [1]. During the funding period, we generated the IRGR""/LAMA3""/K14-
Cre.ER mouse line; however, due to continued delays in getting our ACURO animal protocol (we finally
received approval on April 25, 2014) we were not able to initiate the mouse studies outlined in our proposal up
until this date. Despite this delay, we have achieved several important milestones of the proposed grant (see
below).

Task 1.1. Generate iPSC from keratinocytes isolated from the JEB mouse model using the mRNA
reprogramming method.

We successfully generated IRGRFP/LAMA3""/K14-Cre.ER and showed that the JEB phenotype can be
induced in these mice as indicated by the formation of blisters and the lack of laminin expression in the
basement membrane (Fig. 1). Although we were unsuccessful with a mRNA-based reprogramming of mouse
cells, we were able to successfully reprogram fibroblasts isolated from both WT and IRGFF/LAMA3""/K14-
Cre.ER mice using non-integrating episomal vectors (Okita, K., et al, 2011) as an alternative to mRNA-based
reprogramming. Episomal-based reprogramming is recognized to be one of the most consistent methods of
integration-free reprogramming. We obtained the episomal vectors from Addgene (www.addgene.com) and
optimized transfection conditions for mouse fibroblasts. As a result, we can now consistently generate
integration-free iPSCs from mouse fibroblasts and have already characterized iPSCs generated from both WT
and IRGRP/LAMA3""/K14-Cre.ER mice. These iPSCs express pluripotency markers and form teratomas when
injected into immunocompromised mice (not shown). Therefore, as a result of this funding, we were able to
successfully accomplish this sub-aim and generate iPSCs from both WT and IRG*"/LAMA3""/K14-Cre.ER
mice using a non-integrating approach.

Task 1.2. Perform skin grafts with iPSC-derived IRG®™/LAMA3*" keratinocytes onto congenic

IRGRP/LAMA3"™/K14-Cre.ER recipients.

We have successfully employed our protocol for the differentiation of mouse iPSCs into a keratinocyte
lineage [2] and obtained keratinocytes from both WT and IRGF™F/LAMA3""/K14-Cre.ER iPSCs. Importantly,
we show that our previously reported iPSC differentiation protocol [2] also works on integration-free iPSCs.
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Keratinocytes derived from integration-free iPSCs (iPSC-KCs) expressed keratinocytes markers, keratin (K) 5,
K14 and p63 (Fig.2).

We have also successfully grafted keratinocytes derived from WT iPSCs into congenic mice indicating
that iPSC-KCs are unlikely to cause the immune response in recipients. Interestingly, unlike keratinocytes
derived from WT, keratinocytes derived from IRGR"/LAMA3""/K14-Cre.ER iPSCs treated with Cre-
recombinase (which promotes the elimination of functional laminin) failed to engraft into congenic mice and
also grew poorly in vitro. This suggests that functional laminin is required for successful engraftment of
keratinocytes and the LAMAS3 mutation needs to be corrected before we can assess the histocompatibility of
IRGRP/LAMA3""/K14-Cre.ER iPSC-derived keratinocytes. The gene correction experiments are currently
underway.

Fig.1. Inducible knockout of the Fig 2. Differentiation of IRG /LAMA3"'/K14-Cre.ER iPSCs
LAMA3 gene exhibits symptoms into a keratinocyte lineage. K14 (green) and p63 (red)

similar to those seen in JEB expression was assessed on Day 18 of the protocol validating a
patients. IRGRP/LAMA3"YK 14- successful differentiation of iPSCs into keratinocytes. The image
Cre.ER mice were treated was taken with a 10x objective.

systemically with tamoxifen to
induce the ablation of the LAMA3 | Task 1.3. Transplant iPSC-derived IRG®""/LAMA3" mesenchymal

gene. This treatment results in cells into congenic IRGR/LAMA3""/K14-Cre.ER recipients.

blister formation (encircled) similar
to that seen in JEB patients and
elimination of laminin (red) from

These experiments are being performed by Dr. Tolar’s group
(see his report).

the basement membrane. The Aim 2: To determine the genetic stability of human iPSC
image was taken with a 10x generated from keratinocytes obtained from JEB patient
objective. biopsies. A recent report cautions that the process of reprogramming

into iPSCs may introduce somatic mutations into the genome. Upon
closely examining this paper, most of the iPSCs were reprogrammed from a mixed population of fibroblasts
that may have contained somatic mutations prior to reprogramming. In addition, most of the iPSCs were
generated using retroviral vectors to deliver the reprogramming factors. To avoid the concern about
heterogeneity in the starting population and rigorously determine the genetic stability of human iPSCs, we
propose the following:

Task 2.1. Establish 10 independent clones of keratinocytes harvested from skin biopsies obtained from
JEB patients.

We attempted to establish monoclonal lines from human JEB keratinocytes with laminin-322 deficiency.
Unfortunately, human JEB keratinocytes grow very slowly as a single cell culture. Our attempt to create
monoclonal lines from JEB keratinocytes resulted in the generation of only a few monoclonal lines, which could
barely proliferate in culture. To achieve reprogramming, somatic cells have to divide at a high rate, and the
slow growth rate of monoclonal JEB keratinocytes may impede their ability to undergo efficient reprogramming.
As an alternative approach, we have established monoclonal lines from fibroblasts isolated from the same JEB
patient. Since the laminin mutation is present in all somatic cells of JEB patients, dermal fibroblasts serve as a
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good alternative to keratinocytes. Human JEB keratinocytes and fibroblasts for this experiment were obtained
from our collaborators Drs. Pasmooij and Jonkman (Center from Blistering Diseases, Groningen, Netherlands)
prior to the start of this project.

Task 2.2 Generate 5 independent iPSC lines from each clonal keratinocyte line derived from each JEB
patient using the mRNA reprogramming method.

We adapted the mRNA-based reprogramming approach [3] to human WT keratinocytes (obtained from
Life Technologies) and successfully derived several iPSC clones. These results suggest that the mRNA-based
reprogramming protocol can be employed for the reprogramming of JEB patient-specific keratinocytes. The
MRNA-based reprogramming approach has been reported only for fibroblasts [3, 4] and not for keratinocytes.
For this reason, we attempted to apply the mRNA-based reprogramming approach on WT human
keratinocytes before employing JEB clonal keratinocytes lines. The modified mRNA molecules encoding the
reprogramming factors have been synthesized as described under the Task 1.1. Within 2 weeks of initiating
MRNA transfections, we obtained a substantial number of embryonic stem cell (ESC)- like colonies, which
were mechanically picked and expanded (Fig. 3). The obtained iPSC-colonies expressed pluripotency markers
and showed a normal karyotype (not shown). These results suggest that the mRNA-based reprogramming
protocol can be employed for the reprogramming of JEB patient-specific keratinocytes.
However, as noted in Task 2.1,
_ Human iPSCs we experienced difficulties in
AN generating monoclonal lines of JEB
keratinocytes. Therefore, we shifted
our focus to the reprogramming of
JEB fibroblasts. We optimized
culturing conditions for an mRNA
based reprogramming approach and
incorporated reprogramming mimic
Fig.3 Generating iPSCs from human keratinocytes using an mMiRNAs [5] into the reprogramming
optimized mRNA reprogramming approach. iPSCs were generated cocktail. As a result, we significantly
from human keratinocytes (left panel, Day 0) using a mRNA-based improved the efficiency of the
transfection protocol for reprogramming. At day 10 post-initiation of synthetic mRNA-based
MRNA transfections, the first iPSC-like colonies start to emerge (middle reprogramming approach and

panel). These colonies have been picked mechanically and expanded to achieved reprogramming e.lt t.h.e single
obtain clonal iPSC lines (right panel), cell level. As a result of optimizing our

protocol, we were able to attain an
unprecedented efficiency of human cell reprogramming starting from as little as a single human cell. Using
human primary neonatal fibroblasts (obtained from ATCC), we generated ~1632 Tra-1-60 (a pluripotency
marker) positive iPSC colonies from 200 starting cells within 2.5 weeks of reprogramming with only 7
transfections. A minimum of 3 transfections was required to obtain a few iPSC colonies, and 6-7 transfections
to achieve the maximum reprogramming efficiency (Fig.4).

Human Keratinocytes Day 10 of Reprogramming
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Fig. 4. Optimization of the transfection regiment. 500 human
neonatal fibroblasts were plated in a 6 well dish and transfected
with modified mMRNA/mMIiRNA for 2, 3, 4, 5, 6, or 7 times. All
cultures were stained for the pluripotency marker TRA-1-60 at
day 18 of reprogramming, and the positive colonies were
counted. Reprogramming efficiency was calculated by dividing
the average number of TRA-1-60 positive embryonic stem cell
(ESC) like colonies per well by the initial number of cells plated.
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In our regiment, reprogramming efficiency was calculated by dividing the average number of resulting
Tra-1-60 positive embryonic stem cell (ESC) like colonies per well on day 18 of reprogramming by the initial
number of cells plated. Importantly, under our regiment, low density cultures show the increased efficiency of
reprogramming (Table 1 and Fig. 5), probably due to a higher rate of cell division. The increased cell cycle
progression has been previously shown to improve the reprogramming of somatic cells into iPSCs. With our
protocol, we were also able to reprogram ~54% - 77% of individually plated human neonatal fibroblasts that
survived through the remainder of the reprogramming protocol (Table 2); with many reprogrammed cells
producing multiple Tra-1-60 positive iPSC colonies (Fig. 6 and 7). When our protocol was employed for the
reprogramming of adult fibroblasts derived from a 50 year old healthy individual (ATCC), the resulting
efficiency of iPSC generation was ~36%. To address the applicability of our protocol in aging research and for
the generation of iPSCs from the elderly veterans, the same adult fibroblast line was serially passaged until
more than 91% of cells exhibited a senescent phenotype and then reprogrammed into iPSCs. The
reprogramming of this senescent line took only 2.5 weeks and resulted in an efficiency of ~0.33%, which is
significantly higher than previously reported for the lentiviral approach [6]. The efficiency of iPSC generation
from a JEB line (obtained from Drs. Pasmooij and Jonkman) was ~10%.

1x10° 5x10* 1x104 1x103 500 200
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Fig. 5. Lower initial plating density results in the increased reprogramming efficiency in our
combinatorial mMRNA/mMiRNA approach. Representative images of wells (6-well format) stained for the
pluripotency marker TRA-1-60 on day 18 of reprogramming with our combinatorial RNA-based approach.
The initial plating densities of human primary fibroblasts are indicated above each well.

Table 1. Lower initial plating density results in the increased reprogramming efficiency in our combinatorial
MRNA/MIRNA approach.

Cells Plated/well (6- | Colonies/well Efficiency
well format)

100,000 0.33 £ 0.58 0,0003% = 0.0006%
50,000 4.7 £6.43 0.0093% =+ 0.0129%
10,000 1012.7 + 164.35 10.13% =+ 1.64%
1000 4053 + 122.11 405.30% =+ 12.2%
500 3896 + 131.14 779.20% =+ 26.23%
200 1632.7 + 439.05 816.40% = 219.50%




Table 2. Our combinatorial RNA-based approach allows for the highly efficient reprogramming of
individually plated single cells

Primary Mature Wells with Wells with Wells Efficiency:
Neonatal | microRNAs an dividing cells with _
Cell Line individually | throughout | TRA-1-60 |  Wells with TRA-1-60
plated reprogramming | positive | POsitive colonies/wells
single cell colonies with dividing cells
N1 + 157 144 106 73.6%
_ 134 116 0 0%
N2 + 141 130 101 77.7%
_ 107 98 8 8.2%
N5 + 110 108 98 90.7%
_ 111 110 16 14.5%

Fig. 6. Individually plated single cells give rise to multiple
sister iPSC colonies when reprogrammed with our
combinatorial mMRNA/MiRNA approach. Human neonatal
fibroblasts were plated as a single cell culture in a 48-well
format. Each single cell individually plated in a 48-well was
reprogrammed with our combinatorial RNA-based approach.
On day 18 of reprogramming, the wells were stained for TRA-1-
60. Representative images of individual 48 wells are shown for
independently plated single cells reprogrammed with our
combinatorial MRNA/miRNA approach.

The established iPSC lines generated
from neonatal, adult and senescent human
fibroblasts, JEB fibroblasts, and human
keratinocytes were stable, exhibited normal
karyotypes and have been successfully
maintained for at least 14 passages. The
pluripotency of the generated iPSCs was
confirmed by gene expression analysis
using nCounter® Analysis from Nanostring
Technologies (Fig. 8) and RNA-Seq (
Fig.9), and by the differentiation into cell
types of all three germ layers both in vitro
(Fig. 10) and in vivo (Fig. 11). Thus, our
protocol allows for the reprogramming of a
variety of somatic human cells, including
human keratinocytes, with kinetics and the
efficiency which surpass all previously

published reports. The approach is cost effective, provides an opportunity to shorten the time between the
biopsy and the generation of stable high-quality iPSC lines, and allows for the production of iPSCs from
individually plated cells in a feeder-free system. We are currently preparing a manuscript for publication.
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Fig. 7. The reprogramming of an individually plated single cell. The reprogramming of individually
plated single cells was monitored and the images were taken daily.The representative images of the single
cell reprogramming are shown, and the days the images were taken are indicated. On day 18 of
reprogramming, the wells were staining with Tra-1-60 to confirm the generation of iPSC colonies.
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Fig. 8. Molecular characterization of iPSCs generated with our RNA-based approach. The
combined heatmap and unsupervised hierarchical clustering of the expression of a set of selected genes
(shown on the right) using nCounter® Analysis System from Nanostring Technologies is shown. Our
generated iPSCs exhibit the robust expression of pluripotency genes and cluster separately from
keratinocytes and parental fibroblasts. iPSCs named “IKN1” are derived from human keratinocytes (KN1).
F — stands for human dermal fibroblast; FN — neonatal fibroblasts, F50 — fibroblasts from healthy 50 year
old patient, F50S- senescent line derived from F50, FEH1 — fibroblasts from patient with EHK disease
(EHK stands for epidermolytic hyperkeratosis), FEB1 — fibroblasts from patient with EBS disease (EBS
stands for epidermolysis bullosa simplex), FRD1 — fibroblasts from a patient with RDEB disease (RDEB
stands for recessive dystrophic epidermolysis bullosa).
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Fig. 10. In vitro differentiation of generated iPSCs. Representative immunofluorescence
images of iPSC differentiated in vitro into neuronal, endodermal and cardiomyocyte
lineages are shown. The pluripotency marker Oct4 is expressed in iPSCs. TUJL is Neuroq
specific Class 11l B-Tubulin; Endo-A is an endoderm specific cytokeratin; cTNT is cardiac
Troponin T.
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Fig. 11. Generated iPSC lines form
teratomas in vivo. Representative
images of teratoma sections show the
contribution into all 3 germlayers. The
following immunofluorescent staining
confirm the formation of each germlayer:
B-11l Tubulin - neural rosettes (ectoderm),
vimentin — mesenchymal lineage
(mesoderm), and Endo-A — endoderm.

Task 2.3. Perform total exome sequencing on each keratinocyte line before generating iPSC.

We are currently preparing samples from JEB patients for exome sequencing. Due to the difficulties in
reprogramming JEB keratinocytes described in Tasks 2.1 and 2.3, we are focusing on JEB fibroblasts.
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Task 2.4. Perform total exome sequencing on each iPSC line derived from each clonal line of
keratinocytes.

We have collected samples from all our generated iPSCs for subsequent exome sequencing. We are
completing the characterization of JEB iPSC clones to ensure that only the clones with normal karyotype and
an adequate differentiation capacity into a keratinocyte lineage are included into exome sequencing
experiments.

Task 2.5. Generate 5 independent keratinocyte cell lines from one of the sequenced iPSC lines from
each patient and perform total exome sequencing on these lines.

During this funding period, we have optimized our protocol for the differentiation of human iPSCs
generated with a RNA-based approach into keratinocytes. These optimizations have been published (see
appendix for the copy of the published manuscript: Kogut, I., Roop, D. R., and G. Bilousova. Differentiation of
human induced pluripotent stem cells into a keratinocyte lineage. Methods Mol Biol. 2014;1195:1-12. doi:
10.1007/7651_2013_64; PMID: 24510784) . Exome sequencing will be performed after Task 2.4, which is
currently underway. However, many of iPSC lines have already been differentiated into keratinocytes.

Task 2.6. Generate 5 independent mesechnymal cell lines from one of the sequenced iPSC lines from
each patient and perform total exome sequencing on these lines.

See Dr. Tolar’s report.

Aim 3. To develop methods to increase the homing of iPSC-derived Lin/PDGFRa" cells into injured
epithelia. A recent report suggests that it may be possible to mobilize BM-derived cells into the circulation by
systemically administering recombinant HMGB1, which results in increased homing of Lin/PDGFRa* BM cells
into injured epithelia. To confirm these observations, we propose the following:

Task 3.1. To determine whether mouse iPSC-derived Lin/PDGFRa" cells will home into injured
epithelia.

See Dr. Tolar’s report.
Task 3.2. To determine whether human iPSC-derived Lin/PDGFRa" cells will home into injured
epithelia.

See Dr. Tolar’s report.

Aim 4. To develop an efficient and safe method for the genetic correction of the defective gene in JEB-
specific iPSC. Two recent reports have shown that zinc finger nucleases (ZFNs) can dramatically increase
the efficiency of homologous recombination in iPSCs. To confirm these observations and eliminate concerns

about off target events, we propose the following:

Task 4.1. Generate iPSC from the mouse model of JEB, correct the genetic defect using ZFN-mediated
homologous recombination and confirm the absence of off target events using total exome sequencing.
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In collaboration with Sigma, we have designed an optimum binding site for ZFNs to correct the genetic
defect in mouse JEB iPSCs. We are currently testing these ZFNs using our IRGR/LAMA3"/K14-Cre.ER
iPSCs.

Task 4.2 Derive keratinocyte cells from genetically corrected mouse JEB iPSC and determine their
ability to repair blistered areas in the JEB mouse model.

This task will be initiated upon completion of the Task 4.1.

Task 4.3 Derive mesenchymal cells from genetically corrected mouse JEB iPSC and determine their
ability to repair blistered areas in the JEB mouse model using the systemic delivery of HMGBL1 as
developed in Aim 3.

See Dr. Tolar’s report.

Task 4.4 Using JEB patient-specific iPSC generated in Aim 2, correct the genetic defect using ZFN-
mediated homologous recombination and confirm the absence of off target events using total exome
sequencing.

In collaboration with Sigma, we are currently designing an optimum binding site for ZFNs to correct the
genetic defect in human JEB iPSCs. However, all currently available gene modification strategies are limited
by the extremely low efficiency and as a result, depend on the use of integrating antibiotic-resistance markers
to select for those few gene edited cells [7, 8]. This antibiotic-resistance marker can be later excised leaving a
"scar" of additional nucleotides in the genomic DNA. The presence of this genomic “scar” can prohibit the use
of these cells in clinical applications as well as may potentially elicit an immune response to keratinocytes
derived from corrected iPSCs. A more suitable clinically relevant gene targeting approach should rely on
“scarless” (footprint-free) genome modifications without the use of selection markers. This approach is more
challenging since the highest possible efficiency of currently available gene targeting techniques rarely
exceeds 1-2% for human pluripotent cells [9], which is below a detection limit for conventional methods. One of
the alternative approaches that can be employed for the detection of a low level of genome edited cells is the
use of the BIO-RAD QX200™ Droplet Digital™ PCR System, which the Gates Center has recently purchased.
This system detects as low as 0.1% of cells with desired genomic modifications [10]. As a result, we now have
the necessary equipment and expertise to optimize the “scarless” gene editing approach by screening a variety
of factors that improve homologous recombination in iPSCs. We are currently obtaining training to use this
machine through BioRad.

Task 4.5 Derive keratinocyte cells from genetically corrected patient-specific JEB iPSC and determine
their ability to regenerate a stable functioning skin in long-term graft assays using immunocompromised
NSG mice.

This task will be initiated upon the completion of Task 4.4.

Task 4.6 Derive mesenchymal cells from genetically corrected patient-specific JEB iPSC and
determine their ability to stably engraft long-term into the BM of immunocompromised NSG mice.

See Dr. Tolar’s report.
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Key Research Accomplishments

Generated IRGFP/LAMA3"™/K14-Cre.ER mice as an important mouse model for the proposed studies;
Successfully generated iPSCs from both WT and IRGRP/LAMA3""/K14-Cre.ER mice using a non-
integrating approach;

Differentiated WT and IRGRF"/LAMA3""/K14-Cre.ER iPSCs into keratinocyte and performed grafting
experiments. The grafting experiments indicated that the mutation in laminin needs to be corrected
before the iPSC-derived cells can be successfully engrafted in vivo. However, the successful
engraftment of WT iPSC-KCs into congenic mice suggests that immune rejection of iPSC-KCs is an
unlikely hurdle for future clinical applications of iPSC technology for the treatment of skin diseases;
Adapted a RNA-based reprogramming protocol for the generation of human iPSCs from keratinocytes
and fully characterized the generated keratinocyte-derived iPSCs;

Generated iPSCs from human JEB fibroblasts with Laminin-332 deficiency using an optimized RNA-
based reprogramming technique. This optimized technique allows for the production of iPSCs from
individually plated cells in a feeder-free system, which will be applicable for comprehensive studies of
reprogramming mechanisms on a single cell level (manuscript is in preparation);

Optimized the protocol for the differentiation of human iPSCs generated with a RNA-based
reprogramming approach into keratinocytes and differentiation JEB iPSCs into keratinocytes;
Performed grafting experiments of keratinocytes derived from JEB iPSCs;

The genetic correction of mouse and human JEB iPSCs is currently being performed. To ensure that
selection for footprint-free iPSC clones post-correction, we are currently adapting the BIO-RAD
QX200™ Droplet Digital™ PCR System.

Reportable Outcomes

Published a manuscript: Kogut, I., Roop, D. R., and G. Bilousova. Differentiation of human induced
pluripotent stem cells into a keratinocyte lineage. Methods Mol Biol. 2014;1195:1-12. doi:
10.1007/7651 2013 _64; PMID: 24510784 (see appendix 1 for the copy).

Published a manuscript: Bilousova, G., and D.R. Roop. (2014). Induced Pluripotent Stem Cells in
Dermatology: Potentials, Advances, and Limitations. Cold Spring Harb Perspect Med. Nov 3;4(11). pii:
a015164. doi: 10.1101/cshperspect.a015164. Review (see appendix 1 for the copy).

Conclusion

Epidermolysis bullosa (EB) represents a group of rare currently incurable inherited skin blistering diseases.
This application addresses the development of stem-cell based therapies for one of the most severe forms of
EB, Junctional EB (JEB). To accomplish the main goal of the study, we proposed to develop a genome editing
strategy for JEB patient-specific iPSCs using ZFN-induced homologous recombination, which is then followed
by the differentiation of genetically corrected iPSCs into keratinocytes and mesenchymal cells suitable for
autologous transplantation. We proposed to employ both the mouse model for JEB to address the
immunogenicity of iPSCs-based therapy, as well as actual human samples to move the study closer to a
clinical trial. We were able to successfully accomplish most of the goals proposed in the original application.
Specifically, we generated and expanded our colony of IRGFF/LAMA3"/K14-Cre.ER mice; established
several keratinocyte and fibroblast lines from these mice and generated iPSCs from these cells using a non-
integrating episomal approach. We obtain preliminary data indicating that iPSC-KCs are unlikely to cause an
immune response in recipients. We also adapted a RNA-based reprogramming protocol for the generation of
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iPSC from a human keratinocyte line and fully characterize these keratinocyte-derived iPSCs for pluripotency
with RNA-Seq and functional tests. We have also optimized a mRNA-based reprogramming protocol, which
now results in the extremely high efficiency of iPSC production from human fibroblasts, including JEB
fibroblasts. We are currently preparing a manuscript and expect to submit it for publication within 2-3 months.
We have also optimized the protocol for the differentiation of iPSCs into keratinocytes and published it in
Methods of Molecular Biology. We are now close to the completion of the gene editing of human JEB iPSCs,
which is a final step toward the development of a proof-of-concept genome editing therapeutic strategy for JEB
patients, which was proposed as a main goal of this DOD application.
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Differentiation of Human Induced Pluripotent Stem
Cells into a Keratinocyte Lineage

Igor Kogut, Dennis R. Roop, and Ganna Bilousova

Abstract

Direct reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) provides an opportunity
to develop novel personalized treatment options for numerous diseases and to advance current approaches
for cell-based drug discoveries and disease modeling. The ability to differentiate iPSCs into relevant cell
types is an important prerequisite for the successful development of iPSC-based treatment and modeling
strategies. Here, we describe a protocol for the efficient differentiation of human iPSCs into functional
keratinocytes. The protocol employs treating iPSCs with retinoic acid and bone-morphogenetic protein-4
to induce differentiation toward a keratinocyte lineage, which is then followed by the growth of differ-
entiated iPSCs on collagen type I- and collagen type IV-coated dishes to enrich for iPSC-derived
keratinocytes.

Keywords: Induced pluripotent stem cells, iPSCs, Differentiation, Keratinocytes, Retinoic acid,
Bone-morphogenetic protein-4

Abbreviations

Coll Type I collagen
CollV  Type IV collagen

ESC Embryonic stem cell

iPSC Induced pluripotent stem cell
Krt14 Keratin 14

RA Retinoic acid

BMP4  Bone-morphogenetic protein-4

1 Introduction

The discovery that the ectopic expression of selected transcription
factors can reprogram somatic cells into embryonic stem cell
(ESC)-like cells, termed induced pluripotent stem cells (iPSCs),
has opened up a new era in research and therapy (1-5). The iPSC
technology addresses many obstacles associated with the use of
ESCs, including ethical concerns, and allows for the generation of
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patient-specific pluripotent stem cells, which can be genetically
corrected, differentiated into adult lineages, and returned to the
same patient as an autograft (6-9). In addition to genetic disorders,
the iPSC technology can be applicable to tissue regeneration, basic
science research of human development, and disease modeling.
However, before iPSC-based approaches are successfully imple-
mented into the clinic, efficient protocols for the differentiation
of iPSCs into relevant cell types need to be developed.

In this chapter, we describe a protocol for the efficient differ-
entiation of human iPSCs into keratinocytes, which may potentially
be applicable for cell transplantation in the clinic and for modeling
inherited skin diseases, such as the epidermolysis bullosa (EB)
subtypes and congenital ichthyoses (10-12). The protocol has
been adapted from our previously published work (13) on the
differentiation of mouse iPSCs into keratinocytes as well as studies
published by other groups on the differentiation of human ESCs
and iPSCs into epithelial and keratinocyte lineages (14, 15) with
modifications. The resulting iPSC-derived keratinocyte-like cells
express the markers specific to authentic basal layer keratinocytes,
such as keratin 14 (Krtl4) and keratin 5 (Krt5), and are able to
reconstitute a normal stratified epidermis when grafted onto an
immunodeficient mouse. The protocol requires the seeding of
iPSCs onto Geltrex (Gibco) and collagen type I (Coll)-coated
dishes followed by the combined treatment with retinoic acid
(RA) to induce iPSC differentiation into an ectodermal fate (16)
and with bone-morphogenetic protein-4 (BMP4) to block the
commitment toward a neural fate (17). In addition, we discovered
that growth on collagen type IV (ColIV)- and Coll-coated dishes,
which mimics the environment of the basal layer of the skin,
improves the efficiency of differentiation to a keratinocyte fate. To
enrich for keratinocyte stem cells that are positive for Krtl4, a
keratin marker confirming commitment of the ectoderm to a ker-
atinocyte fate, we exploit the ability of Krtl4-positive cells to
rapidly attach to Coll /ColIV-coated surfaces (18).

The methodology for iPSC differentiation toward a keratino-
cyte lineage relies primarily on the ability to maintain long-term
human keratinocyte cultures. Therefore, before initiating this iPSC
differentiation protocol, we recommend establishing the growth
conditions for culturing normal human keratinocytes that allow for
their maintenance in culture for at least 6-10 passages. We found
that commercially available CnT-07 medium or Epilife medium
supplemented with EpiLife Defined Growth Supplement (EDGS)
promotes more efficient expansion of human keratinocytes seeded
onto Coll-coated dishes. The growth of differentiated iPSC-
derived cultures under keratinocyte cell culture conditions follow-
ing the rapid attachment to Coll/ColIV-coated plates allows for
the efficient enrichment for Krtl4-positive keratinocytes up to
80-90 % (13, 15).
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2 Materials

2.1 Coating Tissue
Culture Dishes with
Geltrex and Coll

2.2 Plating iPSCs
for Differentiation

2.3 Differentiation
of iPSCs with RA
and BMP4

2.4 Rapid
Attachment and
Gulturing of iPSC-
Derived Keratinocytes

2.5 Equipment

. Collagen, type I: 3 mg/mL solution (Advanced BioMatrix).
. Geltrex hESC-qualified Reduced Growth Factor Basement

Membrane Matrix (Gibco).

. Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12

(DMEM /F12) (Gibco).

. 60 mm tissue culture (TC) dishes.

. N2B27 medium: Combine DMEM/F12 and Neurobasal

medium (Gibco) in a 1:1 ratio and supplement with 0.1 mM
nonessential amino acids, 1 mM glutamine, 55 pM
2-mercaptoethanol (2-ME), N2 supplement (100x) (Life
Technologies), B27 supplement (50x) (Life Technologies),
50 pg/mL ascorbic acid, 0.05 % bovine serum albumin (BSA),
50 U/mL penicillin-streptomycin, 100 ng/mL basic FGF (Life
Technologies), and 10 pg/mL Y27632 (Sigma-Aldrich).

. Dispase (BD).

. 1 mM stock solution of all-trans RA (Sigma-Aldrich) reconsti-

tuted in dimethyl sulfoxide (DMSO).

. 25 pg/pL stock solution of human BMP4 (R&D Systems)

reconstituted in sterile 4 mM HCI containing 0.1 % BSA.

. Defined keratinocyte serum-free medium (DKSFM) (Gibco)

supplemented with 50 U/mL penicillin-streptomycin.
DKSFM is sold as a kit containing DKSEM basal medium and
DKSEM growth supplement.

4. 1x PBS.

=) WO 2 S OV T S R e
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. CnT-07 epidermal keratinocyte medium (CELLnTEC) con-

taining 50 U/mL penicillin—streptomycin. CnT-07 is sold as a
kit containing CnT basal medium and supplements A, B, and C.

. 100 mm tissue culture dish.

. Collagen, type IV, powder (Sigma-Aldrich).

. 0.25 % Glacial acetic acid.

. Collagen, type I, 3 mg/ml solution (Advanced BioMatrix).
. CnT-07 (see Section 2.3).

. Accutase (Gibco).

. 1x PBS without Ca®* and Mg?".

. Biological safety cabinet.

37 °C water bath.

. 37 °C/5 % CO, humidified tissue culture incubator.

. Centrifuge (room temperature).
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3 Methods

3.1 Coating Tissue
Culture Dishes with
Geltrex and Coll

3.2 Plating iPSCs
for Differentiation

The procedure is to be performed in a biological safety cabinet
using aseptic techniques. Similar to Matrigel, Geltrex matrix soli-
difies rapidly at room temperature (RT). Therefore; it is recom-
mended to aliquot each new batch of the matrix upon arrival and
use pre-chilled pipet tips, racks, and tubes while working with the
reagent. We recommend making 50, 100, and 200 pL aliquots and
to store them at —80 °C. Use Geltrex at 1:100 dilutions. While the
maintenance of feeder-free iPSC cultures requires only Geltrex as a
surface coating agent, for iPSC differentiation, the combination of
Geltrex and Coll is more efficient to induce the commitment
toward a keratinocyte lineage (se¢ Note 1). The coating procedure
below is described for a 60 mm tissue culture dish. If a larger dish is
to be used, adjust the volume of the coating solution accordingly.

1. Remove a 50 pL aliquot of Geltrex from the —80 °C freezer,
and place it on ice in the biological safety cabinet.

2. Add 5 mL of cold sterile DMEM /F12 to a 15 mL conical tube.

3. Use a 1 mL glass pipet, take 1 mL cold DMEM /F12 from the
15 mL conical tube prepared in step 2, and add to the frozen
Geltrex. Gently pipet up and down to thaw and dissolve Gel-
trex. Transfer the dissolved Geltrex to the rest of DMEM /F12
in the 15 mL conical tube prepared in step 2. Pipet to mix
diluted Geltrex.

4. Add 50 pL of 3 mg/mL Coll stock solution into diluted
Geltrex from step 3. Pipet to mix diluted Geltrex with Coll.
Add 4 mL of coating solution into 60 mm dish. Tap or swirl the
plate to ensure that the entire surface is coated.

5. Incubate the dish with Geltrex/Coll coating solution at 37 °C
in the tissue culture incubator for at least 1 h.

6. Once the coating is complete, leave the coating solution in
the dish and proceed with the plating of iPSCs as described in
the next subsection (see Section 3.2). Alternatively, aspirate the
coating solution and add 2 mL of fresh DMEM /F12 into the-
coated dish to prevent it from drying before plating the cells.

Prepare one 60 mm tissue culture dish of feeder-free iPSCs grown to
~70 % of confluency (see Note 2). Examine cells under a microscope
to confirm the absence of contamination and the maintenance of
their undifferentiated phenotype. If the cells are stressed or dying,
they start to differentiate, presenting themselves as “cobblestone”
areas with larger polymorphic cells, and should not be used for the
differentiation toward keratinocytes. For iPSC differentiation
toward keratinocytes, we recommend a 1:8 split ratio of iPSCs
(see Note 3).
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. Prewarm N2B27 medium and Dispase in the 37 °C water bath.

. Using the microscope, confirm that the colonies are ready for

passaging. Gently aspirate medium from the dish. Add 2 mL of
1x PBS, swirl the plate to wash the cells, and gently aspirate PBS.

. Add 1 mL of Dispase and return the plate to the 37 °C tissue

culture incubator for 3-5 min.

. While the cells are being incubated with Dispase, gently aspirate

the Geltrex/Coll coating solution (or DMEM /F12) from step
6 in the Geltrex/Coll coating procedure (see Section 3.1) and
add 4 mL of complete N2B27 medium into the coated dish.

. After 3-5-min incubation with Dispase, confirm that the cells

are ready to be picked by looking for rolled or folded edges
around the colonies.

. Transfer the plate to the biological safety cabinet, and carefully

aspirate Dispase. After the treatment with Dispase, the colonies
are very loosely attached to the surface of the dish and may peel
off if too much force is used (see Note 4).

. Gently add 2 mL of plain DMEM/F12. Aspirate off the

medium, and repeat the wash three times.

. Add 2 mL of complete N2B27 into the dish, and gently scrape

the colonies off the plate. Transfer the cells from the dish into a
15 mL conical tube, and add 6 mL of complete N2B27 to bring
the total volume of cell suspension to 8§ mL.

. Gently mix the cell suspension to break large clumps of cells.

Transter 1 mL of the cell suspension to the coated dish
prepared in step 3 of the current subsection. Discard or replate
the leftover cells using the conditions established for a given
laboratory (see Note 5).

Transfer the newly plated cells to the incubator, and gently
shake the plate back and forth and side to side to distribute
the cells evenly (see Note 6). Incubate the cells overnight in the
37 °C tissue culture incubator.

The difterentiation and subculturing of iPSC-derived keratinocytes
are to be performed in a biological safety cabinet using aseptic
techniques. The protocol schematic is outlined in Fig. 1. Examine
the new plate the day after passaging to confirm the successtul
attachment of iPSCs. If iPSCs start forming colonies (Fig. 2a),
proceed with the differentiation protocol below (see Note 7).

1.

2.

Prewarm complete DKSFM (with antibiotics and DKSFM
supplement) in the 37 °C water bath.

Add 5 mL of prewarmed DKSFM from the previous step to a
15 mL conical tube, add 5 pLL of 1 mM RA to achieve 1 pM
final working concentration and 5 pL of 25 pg/pL. BMP4 to
achieve 25 ng/mL final working concentration, and mix well.
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iPSC Plating in N2B27

2B27

o
DKSFM
y +RA
+ BMP4

4__

c
S
kS
€

o
S
= DKSFM
k)

[%2]

>

©
fa

14 4+ o O

l CnT-07

Rapid Attachment

27T Plating in CnT-07

CnT-07

Passage as human
keratinocytes

\4

Fig. 1 Schematic representation of the protocol for the differentiation of human
iPSCs into a keratinocyte lineage

3.

Aspirate oft N2B27 medium from the dish with plated iPSCs,
wash once with 4 mL of 1x PBS, and add 4 mL of DKSFM
containing 1 pM RA and 25 ng/pL. BMP4 from the step above.
This is day 1 of differentiation procedure.

4. Transfer the cells to the incubator and incubate for 48 h.

. Replace the medium with fresh DKSFM containing 1 pM RA

and 25 ng/pl. BMP4 after 48 h of incubation. Transfer the cell
to the incubator for another 48 h.

. After the second round of 48-h induction (day 4 of differentia-

tion), replace the medium with complete DKSFM without RA
and BMP4. Incubate cells in the incubator for 10 days in
complete DKSFM, changing medium every other day.

. On day 14 of differentiation, prepare complete CnT-07

medium by adding antibiotics and provided supplements and
prewarm the medium. By this day, the majority of the cells in
the outgrown iPSC colony start exhibiting an epithelial-like
phenotype (see Fig. 2b).
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Fig. 2 The stages of iPSC differentiation during keratinocyte derivation. Human iPSCs generated with a
modified mRNA-based approach from human neonatal fibroblasts were differentiated into keratinocytes using
RA and BMP4. (a) Human iPSCs seeded at low density for differentiation on day 1 of differentiation. (b) An iPSC
colony outgrown on a Geltrex/Coll-coated plate after the combined treatment with RA and BMP4 on day 14 of
differentiation. (¢) An iPSC colony outgrown on a Geltrex/Coll-coated plate on day 24 of differentiation before
rapid attachment plating. (d) iPSC-derived keratinocytes at passage 1 post rapid attachment plating (day 29 of
differentiation, day 5 post rapid attachment). All images were taken with 10x objectives

8. Aspirate oft DKSFM from differentiated cells and replace with
4 mL of complete CnT-07. Incubate the cells in the tissue
culture incubator for another 10 days, changing complete
CnT-07 every other day.

3.4 Rapid On day 24 of differentiation, many cells that migrate away from
Attachment and the outgrown iPSC colony will exhibit a keratinocyte-like pheno-
Culturing of iPSC- type (Fig. 2¢) and start expressing p63, a master regulator required

Derived Keratinocytes for the commitment of the ectoderm to a keratinocyte fate
(19, 20), and Krtl4 (se¢e Note 8). By this day, the 60 mm dish
used for iPSC differentiation is fully confluent and needs to
be passaged. To enrich for iPSC-derived keratinocytes during
passaging, we perform the rapid attachment of the differentiated
iPSC culture to Coll /CollV-coated plates. We recommend using
up to four 100 mm Coll/CollV-coated tissue culture dishes to
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3.4.1 Coating Plates
with Coll and CollV

3.4.2 Rapid Attachment
of iPSC-Derived
Keratinocytes

perform the rapid attachment procedure from one 60 mm dish
containing differentiated iPSCs. If only one 100 mm dish is to be
used, plate one-fourth of the differentiated iPSC culture for the
rapid attachment procedure.

The procedure is to be performed in the biological safety cabinet
using aseptic techniques.

1.

Reconstitute CollV powder to a concentration of 2 mg/mL in
sterile 0.25 % glacial acetic acid. Dissolve for several hours at
2-8 °C, occasionally swirling. Make aliquots, and store them
at —20 °C.

. Thaw the aliquot of CollV stock solution (2 mg/mL) very

slowly by placing the vial in an ice bucket and keeping it at
4 °C for several hours.

. Resuspend CollV stock solution in the appropriate volume

(5 mL per each 100 mm dish) of sterile 0.25 % glacial acetic
acid to a final working concentration of 7 pg/mL. Add an
appropriate volume of Coll stock solution to achieve a final
working Coll concentration of 30 pg/mL. Coat the plates by
using 5 mL of working solution to cover a 100 mm dish.
Incubate the plates at room temperature in the biological safety
cabinet for 1 h.

. Aspirate the liquid from the coated plates, and rinse the dishes

once with 5 mL of sterile 1x PBS and once with 5 mL of
ddH,O0.

. Air-dry the washed dishes in the biological safety cabinet. Use

plates directly or seal them with Parafilm and store at 4 °C for
up to 6 months. To use a previously stored CollV-coated plate,
allow the plate to warm up at room temperature in the
biological safety cabinet for at least 1 h prior to plating cells.

. On day 24 of differentiation, prewarm complete CnT-07,

Accutase, and Coll /CollV-coated dish(es).

. Wash the cells with 1x PBS, add 2 mL of Accutase, and incu-

bate in the tissue culture incubator for 5 min (see Note 9).
Confirm under the microscope that cells start detaching.

. Add 3 mL of complete Cnt-07, pipet up and down to dislodge

the cells, and collect the cell suspension into a 15 mL conical
tube. Spin the cells down at 260 x gfor 5 min, and aspirate the
supernatant. Resuspend the pellet in 10 mL of complete Cnt-
07 medium, repeat the spin at 260 x g for 5 min, and aspirate
the supernatant.

. Resuspend the pellet in 4 mL of complete Cn'T-07 and pipet up

and down to break cell clumps into single cells.
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5. Add 9 mL of complete CnT-07 medium into each Coll/

CollV-coated dish, and transfer 1 mL of cell suspension from
step 4 above into each Coll /ColIV-coated dish. Allow the cells
to attach to the coated dish at room temperature for 15-30 min
(see Note 10).

. Carefully aspirate the medium with the floating cells (these are

undifferentiated or partially differentiated iPSCs). Do not
disturb the attached cells (these are iPSC-derived Krtl4-
positive cells). Add 10 mL of fresh complete CnT-07 medium
into the plate with the attached cells. Let the cells expand in the
37 °C tissue culture incubator, changing the medium every
other day. Passage cells as needed (see Note 11) with Accutase
in CnT-07 or Epilife (with EDGS supplement) on Coll-
coated dishes. After passage 2 or 3 and following the rapid
attachment step, the culture should consist of ~90 % of
Krtl4-positive cells exhibiting a keratinocyte-like phenotype
(see Fig. 2d). The keratinocyte-like phenotype of the obtained
culture can be verified by the standard immunofluorescence
analyses for Krt14 expression and by the ability to reconstitute
a normal stratified epidermis in organotypic cultures.

4 Notes

1. We initially used growth factor reduced BD Matrigel to plate

iPSCs for differentiation. However, the combination of Geltrex
and Coll gives a higher yield of keratinocytes upon iPSC
differentiation.

. The provided protocol is optimized for iPSCs generated with

an integration-free modified mRNA-based reprogramming
approach (21, 22). We maintain iPSCs on either mitomycin
C-inactivated human neonatal fibroblasts or Geltrex matrix in
N2B27 medium (23) under low O, conditions (5 %). While
iPSCs are maintained under low-oxygen conditions, the differ-
entiation toward a keratinocyte lineage is performed under
atmospheric O, (~20 %) in the regular tissue culture incubator.
To avoid spontaneous differentiation, the iPSC culture should
only be grown to a subconfluent state. Healthy undifferenti-
ated human iPSCs usually form round tight colonies with clear
margins (Fig. 2a). Avoid using partially differentiated iPSCs
for keratinocyte derivation. Although the provided protocol
has been shown to produce functional keratinocytes from
human iPSCs generated by an integrating lentivirus approach,
there is always a possibility that the partial reactivation of
exogenous factors, especially c-Myc and Klf4, may influence
the differentiation of these lentivirally derived iPSCs into
keratinocytes, and the protocol may require optimizations for
this type of iPSCs.
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3.

5.

6.

8.

10.

11.

While we recommend a 1:4 or a 1:5 split ratio for the
maintenance of iPSCs, for their differentiation, iPSCs need to
be seeded as small clumps at very low density to allow for
enough surface area for the sufficient expansion of differentiat-
ing cells. The colonies should be evenly dispersed in the dish.
To achieve this, gently shake the dish from side to side and front
to back during passaging.

. It iPSC colonies peel off while being incubated with Dispase,

collect Dispase with detached iPSC colonies into a 15 mL coni-
cal tube, add plain DMEM /F12 into the dish, gently scrape the
remaining colonies off, and transfer the colonies from the dish
into the 15 mL conical tube with Dispase and the rest of iPSCs.
Spin the cells down at 75 x g for 10 min, and aspirate the
supernatant. Gently resuspend the iPSC pellet in plain
DMEM /F12, spin the cells down at 75 x g for 10 min, and
repeat the wash two times. Proceed with step 9 of Section 3.2.

While we regularly use N2B27 medium for the maintenance of
human iPSCs, other media can also be used.

Do not swirl the dish since the cells tend to cluster in the middle
when the dish is being swirled.

. If the colonies start to differentiate spontaneously, discard the

dish and repeat the replating of iPSCs using a fresh iPSC
culture.

We are able to obtain a maximum of 25-30 % of K14-positive
cells in the entire culture before the rapid attachment step. The
efficiency of differentiation usually varies from 5 to 30 % among
experiments and among iPSC lines.

. We do not recommend using trypsin at this stage of the

protocol.

If only a few cells attach, incubate the plate for up to an hour in
the 37 °C tissue culture incubator. Alternatively, skip the rapid
attachment during the first passage. Instead, split the entire
plate of differentiated iPSCs onto four fresh Coll-coated dishes
in complete CnT-07. Let the cells reach 60-70 % confluency,
and then perform the rapid attachment plating as described in
Section 3.4.

It may take up to 2 weeks to expand the culture of iPSC-
derived keratinocytes post rapid attachment plating. Do not
allow the cells to overgrow, since this will induce premature
differentiation. Ideally, the cells should be subcultured onto
a fresh Coll-coated dish once they reach 60 % confluency.
We recommend using Accutase instead of trypsin for keratino-

cyte passaging.
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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-

@
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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

Induced Pluripotent Stem Cells in Dermatology
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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

Fusion proteins

e Qe

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-

Sendai virus vectors

oCt.4@ @Sox-e
@KM c-Myc

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
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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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