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Removal of Reprogramming Transgenes Improves the
Tissue Reconstitution Potential of Keratinocytes
Generated From Human Induced Pluripotent

Stem Cells

KEN IGAWA,a‘b CHIKARA KOKUBU,® KOSUKE YUSA,d Kvou HORIE, YASUHIDE YOSHIMURA,®

KAORI YAMAUCHI,® HIROFUMI SUEMORI,® HIROO YOKOZEKl,b MASASHIT OYODA,f NOBUTAKA KIYOKAWA,f
HAIME OKITA, YosHITAKA MivaGawA,T HIDENORI AkuTsu,® AKiHIRO UMEZAWA,| ICHIRO KATAYAMA,?
Junii TAKEDA®

Key Words. Human ¢ Induced pluripotent stem cell « Keratinocyte « Differentiation * Transgene

PABSTRACE: . 0 o .
Human induced pluripotent stem cell (hiPSC) lines have a great potential for therapeutics because
customized cells and organs can be induced from such cells. Assessment of the residual reprogram-
ming factors after the generation of hiPSClines is required, but an ideal system has been lacking. Here,
we generated hiPSC lines from normal human dermal fibroblasts with piggyBac transposon bearing
reprogramming transgenes followed by removal of the transposon by the transposase. Under this
condition, we compared the phenotypes of transgene-residual and -free hiPSCs of the same genetic
background. The transgene-residual hiPSCs, in which the transcription levels of the reprogramming
transgenes were eventually suppressed, were quite similar to the transgene-free hiPSCs in a plurip-
otent state. However, after differentiation into keratinocytes, clear differences were observed.
Morphological, functional, and molecular analyses including single-cell gene expression profiling
revealed that keratinocytes from transgene-free hiPSC lines were more similar to normal human
keratinocytes than those from transgene-residual hiPSC lines, which may be partly explained by re-
activation of residual transgenes upon induction of keratinocyte differentiation. These results sug-
gest that transgene-free hiPSC lines should be chosen for therapeutic purposes. STEM CELLS

TRANSLATIONAL MEDICINE 2014;3:992-1001

wmopucrow
Reprogramming of differentiated somatic cells in-
to a pluripotent state has been previously carried
out by cell fusion or nuclear transfer [1]. The
molecular basis of reprogramming has been
revealed by exogenous expression of combina-
tions of transcription factors. Recently, four fac-
tors, namely OCT4, SOX2, KLF4, and cMYC,
which are highly expressed in embryonic stem
cells (ESCs), have been shown to reprogram both
mouse and human somatic cells into ESC-like plu-
ripotent cells, named induced pluripotent stem
cells (iPSCs) [2, 3].

ESCs have an unlimited proliferative capacity
and extensive differentiation capability and are
thought to be a powerful cell source for regener-
ative medicine [4]. However, there are both eth-
ical and biological concerns for the clinical use of
ESCs that are related to their derivation from em-
bryos and potential for immunological rejection,
respectively. In addition, it is difficult to generate
patient- or disease-specific ESCs that are required

for their effective application. These disadvan-

tages can be at least partially avoided by the alter-

native use of iPSCs.

Induction of reprogramming by defined fac-
tors has been mostly carried out by coinfection
with retroviral vectors [2, 3]. The major problems
of this retrovirus-based method are its oncogenic-
ity and mutagenesis. Reactivation of the proviral
Myc oncogene is one of the reasons for the onco-
genicity of iPSCs [5]. However, although three-
factor (Oct4, Sox2, and Kif4) iPSC-derived mice
do not develop tumors [6], ectopic expression
of any one of these genes may have deleterious
consequences. For example, ectopic expression
of Oct4 in the skin or intestine causes tumor de-
velopment [7]. Overexpression of Kif4 induces
dysplasia of the skin [8]. Furthermore, retroviral
integration itself causes insertional mutagenesis
and may alter the expression pattern of nearby
genes [9]. Therefore, transgene integration-free
iPSCs are necessary for their clinical use.

To achieve such iPSCs, we used the piggyBac
transposon system to deliver the reprogramming
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factors. The piggyBac transposon is a moth-derived DNA transpo-
son [10] that is highly active in mammalian cells and that has been
used for gene delivery and mutagenesis [11]. The advantage over
viral integration is that transposons can be easily removed from
the host genome. Among the various DNA transposons, the piggy-
Bac transposon does not leave “footprint” mutations upon excision
[12]. The TTAA integration sites used by piggyBac transposons are
repaired to the original sequence upon excision [12], resulting in
removal of transposons from the host genome without changing
any nucleotide sequences. Using this piggyBac transposon system,
transgene integration-free and mutation-free mouse iPSCs have al-
ready been generated and reported by some groups, including our
own [13-15].

In this study, by exploiting this unique property of the piggy-
Bac transposon system, we generated transgene-free (Tg—)
human induced pluripotent stem cell (hiPSCs) from transgene-
retaining (Tg+) parental hiPSCs, thereby preserving the common
isogenic genetic background. We generated epidermal keratino-
cytes from both Tg— and Tg+ hiPSCs in vitro and directly com-
pared their tissue reconstitution potentials, allowing precise
evaluation of the net effect of residual transgenes in hiPSCs
and their derivatives.

Plasmid Construction

Five human reprogramming factors (POU5F1, SOX2, KLF4, cMYC,
and LIN28) were amplified by polymerase chain reaction (PCR) with
fusion of the first and second half of the T2A sequence in the Cand
N termini, respectively, except for the N terminus of POU5F1 and
the C terminus of LIN28. PCR products were cloned into pCR4 using
a Zero Blunt Topo PCR cloning kit (Life Technologies, Rockville, MD,
http://www lifetech.com), resulting in pCR-O, pCR-S, pCR-K, pCR-
M, and pCR-L, respectively. The sequences of the inserts were ver-
ified by capillary sequencing. To combine all five factorsinto a single
coding sequence, the Bglil-Sall fragment containing the SOX2-
coding sequence in pCR-S was first cloned into the BamHI-Sall site
of pCR-O, resulting in pCR-OS. KLF4, MYC, and LIN28 fragments
were sequentially inserted in the same manner, resulting in the fi-
nal construct, pCR-OSKML (h5F). The EcoRI-Sall fragment of h5F
was cloned into the EcoRI-Sall site of pBluescript, resulting in
pBS-h5F. The BamHI-Sall fragment of pBS-hSF was cloned into
the Bglll-Xhol site of the piggyBac transposon vector, pPB-CAG.
EBNXN, resulting in PB-CAG-h5F. Finally, the negative selection
marker PGK-pud tk cassette was excised from pFlexible [16] by Xhol
digestion and then inserted into the Sall site of pPB-CAG-hSF,
resulting in pPB-CAG-h5F-puroTK. Primers for construction of the
vectors are listed in supplemental online Table 1.

Cell Culture

Mouse embryonic fibroblasts (MEFs) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (Life Technologies), 2 mM L-glutamine, 1X nonessential
amino acids (Life Technologies), and 0.1 mM 2-mercaptoethanol.
Normal human dermal fibroblasts (NHDFs) (Lonza, Walkersville,
MD, http://www.lonza.com) from neonatal male skin were cul-
tured in the same medium. Normal human epidermal keratino-
cytes (Lonza), also from neonatal male skin, and keratinocytes
derived from iPSCs (iKCs) were cultured in serum-free
keratinocyte-specific medium (CnT57; CELLnTEC, Bern, Switzerland,

www.StemCellsTM.com

http://celintec.com). Human iPSC lines and ESC lines (KhES-1 and
KhES-3; Kyoto University, Kyoto, Japan, http://www.kyoto-u.ac.jp/
en [17]) were cultured on mitomycin C-treated MEFs in serum-
free human ESC (hESC) medium consisting of DMEM/F-12 (Life
Technologies) with 20% knockout serum replacement {Life Technol-
ogies), 2 mM L-glutamine, 1X nonessential amino acids (Life Tech-
nologies), 0.1 mM 2-mercaptoethanol, and 5 ng/ml basic fibroblast
growth factor (bFGF) (Katayama Chemical Industries Co., Ltd.,
Osaka, Japan, http://www.katayamakagaku.co.jp).

Generation of hiPSCs

Generation of hiPSCs was conducted according to the protocol
described in Figure 1. NHDFs were plated in six-well plates
and grown to 60%—-70% confluence. On day 0, 2.5 ug of pCMV-
mPBase and plasmids containing the piggyBac transposon carry-
ing the reprogramming factors (pPB-CAG-h5F-puroTK) were
simultaneously transfected into cells using Lipofectamine 2000
(Life Technologies) according to the manufacturer’s protocol.
On day 5, transfected NHDFs were trypsinized and replated onto
feeder cells (1 X 10° MEFs per 60-mm dish) in serum-free hESC
medium. The medium was refreshed every other day. On days
10-14, £SC-like colonies appeared in the dishes, and at approxi-
mately day 21, colonies were counted, picked, and expanded
further.

Preparation of Splinkerettes

Splinkerettes were prepared by annealing Spl-top and Spl-blunt
(to generate blunt ends). The sequences of these oligonucleotides
are listed in supplemental online Table 1. After heat denaturation
at 95°C for 10 minutes, annealing was performed by cooling down
the mixture of 11 pmol of each strand in 10 mM Tris-HCl (pH 7.4)
and 5 mM MgCl, in a total volume of 100 ul.

Determination of Transposon Integration Sites

Transposon integration sites were determined by splinkerette
PCR. Genomic DNA from primary iPSCs was digested by appropri-
ate restriction enzymes (Haelll and Rsal} for 2 hour in 20-ul reac-
tions. After heat inactivation, 2 ul of the digestion mixture was
ligated with the 0.5 ul of splinkerette adaptors in 20-ul reactions.
One microliter of the ligation mixture was then subjected to
nested PCR. A primer pair, Spl-P1 and PB5-P1, was used for the
first PCR. In the second PCR, the Spi-P2 and PB5-P2 primer pair
was used (primer sequences are listed in supplemental online
Table 1). Finally, PCR products were directly sequenced to deter-
mine the genomic sequences flanking the piggyBac terminal
repeats. Sequences were analyzed by Blat searching the UCSC
Genome Browser.

Bisulfite Sequencing Analysis

Bisulfite conversion of DNA was performed using a MethylEasy
Xceed Rapid DNA Bisulphite Modification Kit {Genetic Signatures,
Randwick, Australia, http://geneticsignatures.com) according to
the manufacturer’s protocol, and then sequencing was per-
formed. Primers for amplification of bisulfited DNA are listed in
supplemental online Table 1.

Southern Blot Analysis

To detect the copy number of integrated transposons, genomic
DNA from each hiPSC line was digested and hybridized with
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Figure1l. Generation of humaninduced pluripotent stem cells (hiPSCs) using the piggyBac transposon system and establishment of transgene-
free hiPSCs. (A): Schematic representation of the piggyBac transposon vector carrying reprogramming factors {(pPB-CAG.h5F-puAtk, 14,013 bp).
Genes encoding five factors were linked by sequences encoding 2A peptides. Expression of these factors was driven by constitutively active CAG
promoters. (B): Timeline of reprogramming. (C): Representative restriction enzyme map and positions of primers used to evaluate transposon
removal in the hiPSC genome at the site of transposon vector integration. Probes 1 and 2 were designed as indicated by the thick line. A
schematic representation of the predicted results of Southern blot analysis using probe 1/2 is shown (right). The thick line indicates a higher
density band. F1, R1,and PB5-p1 are primers used to evaluate transposon removal. Primer sequences are listed in supplemental online Table
1. (D): Southern blot analysis of primary hiPSCs. Genomic DNA was digested with Pstl and hybridized with probe 1. Lanes 1-6, primary hiPSCs
generated by transposon-mediated reprogramming. Lane 7, original fibroblast genomic DNA as a negative control. (E): Schematic represen-
tation of the strategy of transposon removal. Each arrow indicates a designated primer used for a two-step PCR screening (Fig. 1C;
supplemental online Fig. 2). Representative PCR results for each status are shown in supplemental online Fig. 3. (F, G): The results of Southern
blot analysis indicating transposon-free hiPSCs were confirmed by PCR screening. (F) and (G) show the results using probes 1 and 2, respec-
tively. Lanes marked by asterisks contained sample loading buffer only (without DNA). (H): Sequencing analysis of the integration site on
chromosome 7 in Kel6 and transposon-excised Kel6 (Kel6-R1 and Kel6-R2). The reference sequences (top) indicate the transposon integra-
tion sites where TTAA sequences were duplicated at both ends of the transposon. The electrophoretograms demonstrate that the sequences
in Kel6-R1 and Kel6-R2 are identical to the original sequences in the fibroblasts and reference sequences. Abbreviations: EFM, embryonic fibroblast
medium; ESC, embryonic stem cell; fib, fibroblast; hESM, human embryonic stem cell medium; junction, junction site of the genome and transposon
vector; MEF, mouse embryonic fibroblast; p, Pstl; PB, piggyBactransposon vector; PCR, polymerase chain reaction; pudtk, pudtk expression cassette;
Tg+, transgene-residual; Tg—, transgene-free; 3'TR, 3’ terminal repeat of the piggyBac transposon; 5'TR, 5’ terminal repeat of the piggyBac
transposon.
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partial sequences of the piggyBac transposon 5’ terminal repeat
as the probe. Primer sequences for generating the probe are
listed in supplemental online Table 1.

Transposon Removal From Primary hiPSCs

Fifteen micrograms of the piggyBac transposase expression vec-
tor with the blasticidin (bsd) selection cassette was electropo-
rated into 1 X 10° dissociated hiPSCs. A total of 2 X 10° cells
were seeded onto 6-cm dishes containing feeder cells (MEFs) in
hESC medium containing 10 wM ROCK inhibitor. From the follow-
ing day, 2 ug/ml bsd was added to the culture medium, and se-
lection was continued for 3 days. After an additional 7 days of
culture without bsd, the resulting colonies were dissociated to
single cells and expanded in hESC medium containing 10 uM
ROCK inhibitor. Transposon removal was screened by two-step
PCR analysis with the primers listed in supplemental online
Table 1. The results of the PCR screening were confirmed by
Southern blot analysis using the 5’ terminal repeat of the piggy-
Bac transposon as one of the probes and genomic sequences just
outside of the transposon integration site as the other probe.
Primer sequences for generating the probe are listed in
supplemental online Table 1.

Keratinocyte Induction From hiPSCs

We used the differentiation protocol described in Results to ob-
tain keratinocytes from hiPSCs and hESCs. One week of random
differentiation was induced in differentiation medium (hESC me-
dium without bFGF). Then the culture medium was changed to
serum-free keratinocyte-specific medium, and the cells were cul-
tured for an additional 4-5 weeks.

Immunostaining

Cells were fixed in 3% formaldehyde in phosphate-buffered saline
(PBS) for 15 minutes at room temperature and then permeabi-
lized in 100% methanol for 10 minutes at —20°C when needed.
Then the cells were blocked in serum-free protein block (Dako,
Glostrup, Denmark, http://www.dako.com) for 1 hour at room
temperature. The cells were incubated with antibodies
against NANOG (Cell Signaling Technology, Beverly, MA,
http://www.cellsignal.com; 1:200, rabbit polyclonal), OCT4
(Cell Signaling Technology; 1:200, rabbit polyclonal), SOX2 (Cell
Signaling Technology, 1:200, rabbit polyclonal), SSEA4 (Cell Sig-
naling Technology; 1:200, mouse 1gG3 monoclonal), TRA-1-60
(Cell Signaling Technology; 1:200, mouse IgM monoclonal),
TRA-1-81 (Cell Signaling Technology; 1:200, mouse IgM mono-
clonal), human keratin 5/14 (Covance, Princeton, NJ, http://
www.covance.com; 1:500, rabbit 1gG polyclonal), and each neg-
ative control antibody {Dako) overnight at 4°C. After washing
with PBS (three times for 5 minutes), cells were labeled with
Alexa Fluor 488- or Alexa Fluor 555-conjugated secondary anti-
bodies (Life Technologies) for 1 hour at room temperature. After
washing with PBS (three times for 5 minutes), specimens were
analyzed under a fluorescence microscope (BZ-9000 BIOREVO;
Keyence, Osaka, Japan, http://www.keyence.com).
Deparaffinized and rehydrated tissue sections were im-
mersed in preheated (~100°C) target retrieval solution (Dako)
for 10 minutes. After cooling at room temperature, the sections
were washed three times with PBS, and nonspecific binding sites
were blocked by incubation with serum-free protein block for
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1 hour at room temperature. Then the sections were incubated
with antibodies against human keratin 14 or involucrin (GeneTex,
San Antonio, TX, http://www.genetex.com; 1:500, rabbit 1gG
polyclonal) at 4°C overnight. After three washes with PBS, tissue
sections were reacted with an Alexa Fluor 555-conjugated sec-
ondary antibody for 1 hour at room temperature. After further
washing, the sections were mounted with Fluoprep (bioMérieux,
Marcy I'Etoile, France, http://www.biomerieux.com).

Real-Time PCR

Total RNA was extracted using an SV Total RNA Isolation System
(Promega, Madison, WI, http://www.promega.com). One micro-
gram of total RNA was reverse transcribed using random primers
by Moloney murine leukemia virus reverse transcriptase (Life
Technologies) and then subjected to PCR using the primers listed
in supplemental online Table 1. Quantitative RT-PCR was per-
formed using Power SYBR Green PCR Master Mix (Life Technolo-
gies) and an ABI7900HT sequence detector (Life Technologies)
according to the manufacturer’s protocols. Quantification of gene
expression was based on the A Ct method and normalized to 8-actin
expression. Melting curve and electrophoresis analyses were un-
dertaken to verify the specificities of the PCR products and to ex-
clude nonspecific amplification.

Single-Cell Gene Expression Analysis (Fluidigm
Dynamic Array)

Single-cell gene expression profiling was performed using a Bio-
mark dynamic array (Fluidigm, South San Francisco, CA, http://
www.fluidigm.com) according to the manufacturer’s protocol.
Briefly, the cells were single-cell sorted using a BD FACSAria
(BD Biosciences, San Diego, CA, http://www.bdbiosciences.com)
into 2X CellsDirect buffer (Life Technologies). Cells were sub-
jected to target-specific reverse transcription and 18 cycles of
PCR preamplification with a mix of primers specific to the target
genes (STA). STA products were then processed for real-time
PCR analysis on Biomark 48:48 dynamic array integrated fluidic
circuits (Fluidigm). The results obtained from the analysis were
conducted with the R statistics package and output as a heat
map. The primers for the analysis are listed in supplemental
online Table 2.

Successful Establishment of hiPSCs Using the piggyBac
Transposon System

To deliver the reprogramming factors to recipient cells, we con-
structed piggyBac transposon-based reprogramming vectors as
described in Materials and Methods (Fig. 1A). cDNAs constituting
the open reading frames of OCT4, SOX2, KLF4, cMYC, and LIN28
were combined into a single open reading frame separated by
sequences encoding 2A peptides and placed under the constitu-
tively active CAG promoter. The ~20-amino acid 2A peptides
from the Thosea asigna virus (T2A) work as self-cleaving signals
and enable the expression of several gene products from a single
transcript [18], thereby facilitating multigene delivery to target
cells.

NHDFs were transfected with the above-mentioned piggyBac
transposon vector carrying the five factors to induce reprogram-
ming. The protocol we used is illustrated in Figure 1B. We per-
formed cationic lipofection to introduce 2.5 ug of piggyBac
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transposon and 2.5 ug of piggyBac transposase expression vector
into ~70% confluent NHDFs cultured in six-well plates and main-
tained the cells in embryonic fibroblast medium for 4 days. At day
5, the transfected NHDFs were replated onto feeder cells (mito-
mycin C-treated MEFs) and maintained in human ESC (hESC) me-
dium. At approximately day 14, small ESC-like colonies appeared.
At day 20, colonies were picked up and passaged, In summary, we
transfected 1 X 10° NHDFs with a transfection efficiency of ap-
proximately 10%, which was confirmed with the preliminary
results using green fluorescent protein as reporter, and obtained
approximately 100 colonies. Therefore, the overall reprogram-
ming efficiency was approximately 1%, which is virtually equiva-
lent to that of the retroviral method.

Derivation of Transgene Integration-Free and
Mutation-Free hiPSCs by piggyBac Transposon
Vector Removal

We investigated the copy number of the integrated transposons
by Southern blot analysis with a probe designed in the 5’ repeat
of the piggyBac transposon (probe 1 in Fig. 1C). As shown in
Figure 1D, most hiPSCs colonies had multiple insertions. Among
the colonies, we obtained a colony with single-copy integration
(named Kel6). Inthe following experiments, our established hiPSC
clone, Kel6, or its derivatives were mainly used.

To obtain transgene-free hiPSCs, we first used splinkerette
PCR to identify the integration sites and found that the transpo-
sonwas integrated at chromosome 7 (supplemental online Fig. 1).
Next, we attempted to eliminate transposons from the hiPSC ge-
nome. As described in Materials and Methods, we used a two-
step PCR screening system to select transposon-free iPSCs after
transfection of the piggyBac transposase expression plasmid
(Fig. 1E). The first PCR was conducted with a primer pair that
detected excision of the transposon from the original site (Fig.
1C). The second PCR was conducted with a primer pair that
detected the transposon itself (supplemental online Fig. 2). Re-
presentative results of this PCR screening are shown in
supplemental online Figure 3.

After transient transposase expression and bsd selection,
because transposase expression vector possesses bsd selection
cassette, we picked colonies and screened them by PCR as de-
scribed above. We obtained 10 clones of 55 colonies from the
transposase-transfected Kel6 line, in which excision of the trans-
poson had occurred (positive in the first step PCR analysis). After
the second PCR analysis, we obtained two transposon-free candi-
date clones of the 10 clones. We then expanded two transposon-
free clones (named Kel6-R1 and Kel6-R2) and confirmed them by
Southern blot analysis using the 5’ repeat of the piggyBac trans-
poson as the probe (probe 1 in Fig. 1C). We confirmed the loss of
transposons in both clones that we identified as transposon-free
by PCR (Fig. 1F). We also performed further Southern blot analysis
using a probe designed just outside of the transposon-genome
junction (probe 2 in Fig. 1C), which confirmed the results de-
scribed above (Fig. 1G). Thus, we concluded that the transposons
had been successfully removed in Kel6-R1 and Kel6-R2.

The piggyBac transposon does not leave a footprint at the ex-
cised site. To confirm that the transgene-free hiPSCs had no foot-
print mutations, we amplified the genomic regions encompassing
the integration excision sites by PCR and then sequenced the PCR
products directly. If there was a footprint mutation (e.g., a nucle-
otide change, insertion, or deletion), the sequence after TTAA, the
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target site of piggyBacintegration, would be a mixture of sequen-
ces from the wild-type and excised alleles. The signals from all in-
tegration sites were identical to those from the original genomic
sequence (Fig. 1H), indicating the absence of footprint mutations.
Thus, we “cured” transgene-harboring hiPSCs by removing the
transposon.

Characteristics of the Established hiPSCs

Next, we investigated the characteristics of the established hiPSCs.
Immunofluorescence staining showed that both transgene-
residual and -free hiPSC lines uniformly expressed stem cell
markers such as OCT4, SOX2, NANOG, and SSEA4 (Fig. 2A). We
also conducted RT-PCR analysis of OCT4 and NANOG gene expres-
sion and found that these genes were expressed in our hiPSCs at
approximately the same levels as those in retrovirus-based
hiPSCs, whereas gene expression associated with the transposon
appeared to be silenced (Fig. 2B; supplemental online Fig. 2). To
evaluate the epigenetic reprogramming status, we investigated
the DNA methylation status at OCT4 promoter regions by bisulfite
sequencing analysis and found that these promoter regions were
almost completely unmethylated in the hiPSCs, which was in con-
trast to the status of the original fibroblasts (58% of the CpGs were
methylated; Fig. 2C). This result indicated that the epigenetic
reprogrammed status was maintained in our established hiPSCs
even after the transgenes were eliminated. As shown in
Figure 2D, karyotypic analysis revealed that both Kel6 and Kel6-
R1 had a normal karyotype, 46XY. To confirm the pluripotency
of the hiPSCs, we performed in vitro differentiation analysis. Both
transgene-residual and -free hiPSC lines successfully differenti-
ated into the three germ layers, namely ectoderm (K14-positive
cells), mesoderm (desmin-positive cells), and endoderm
(«a-fetoprotein-positive cells) (Fig. 2E). These results suggested
that the transgene-residual and -free hiPSC lines had phenotypes
similar to those of pluripotent cells in terms of gene expression,
epigenetic modifications, and the potential for differentiation
into the three germ layers. :

Keratinocyte Induction From hiPSCs

We next attempted to differentiate the established hiPSCs into
epidermal keratinocytes. There are few reports that describe pro-
tocols for differentiation of hiPSCs or hESCs into keratinocytes, in
which retinoic acid (RA) and/or bone morphogenetic protein
4 (BMP4) are preferably used [19, 20]. In the present study, as de-
scribed in Materials and Methods, we used a modified protocol in
which neither RA nor BMP4 were used; this protocol is briefly il-
lustrated in Figure 3A. At 4-5 weeks after induction of the differ-
entiation, we obtained cells that had a keratinocyte-like morphology.
These cells proliferated and were passaged at least five times in
serum-free keratinocyte medium without feeder cells. Moreover,
these cells were positive for K5/K14 as indicated by immunohis-
tochemistry (Fig. 3D), suggesting successful differentiation of
keratinocytes from hiPSCs. We called these cells induced kerati-
nocytes (iKCs).

Comparing our established transgene-residual iKCs with
transgene-free iKCs, there were obvious morphological differences
in which transgene-residual iKCs showed a somewhat spindle-
shaped morphology (Fig. 3B). Subsequent culturing resulted in
transgene-residual iKCs showing a more spindle-shaped morphol-
ogy. Moreover, some morphologically undifferentiated colonies
were developing in the culture (Fig. 3C). Therefore, we checked
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Figure 2. Characteristics of the established hiPSCs. {A): Immunofluorescence analysis of NANOG, OCT4, SOX2, and SSEA4 expression in
transgene-residual (Kel6) and transgene-free (Kel6-R1) hiPSCs. (B): Quantitative RT-PCR analysis of ESC-specific genes (OCT3/4 and NANOG)
in transgene-residual (Kell and Kel6) and transgene-free (Kel6-R1) hiPSCs. Each bar indicates the means and SEM. (C): Bisulfite sequencing
of the OCT4 promoter region. Open and closed circles indicate unmethylated and methylated CpG dinucleotides, respectively. (D): Normal kar-
yotype of the transgene-residual (Kel6) and transgene-free (Kel6-R1) hiPSCs. (E): We confirmed the differentiation capabilities of transgene-
residual {Kel6) and transgene-free (Kel6-R1) hiPSCs into all three germ layers by direct differentiation in vitro: K14, ectoderm; AFP, endoderm;
and desmin, mesoderm. Abbreviations: AFP, a-fetoprotein; hiPSCs-Retro, retrovirus-mediated reprogrammed human induced pluripotent
stem cells (MRC-5); Tg+, transgene-residual; Tg—, transgene-free.

the epigenetic reprogramming status by the expression of stem
cell markers, including OCT4 and NANOG, and various differenti-
ation markers in these iKCs by bisulfite sequencing analysis and
real-time PCR, respectively. As expected, the DNA methylation
status at OCT4 promoter regions showed hypomethylation in
the original hiPSCs (Kel6 and Kel6-R1) and hypermethylation in
iKCs (iKC6 and iKC6-R1) (Fig. 3E). However, by comparing
transgene-residual iKCs (iKC6) with transgene-free iKCs (iKC6-
R1), the levels of DNA methylation were clearly higher in
transgene-free iKCs (38% vs. 62%, respectively; Fig. 3E). To clarify
the characteristics of iKCs, we performed single-cell gene expres-
sion profiling using Fluidigm dynamic arrays [21]. In line with the
results of bisulfite sequencing analysis, stem cell markers, includ-
ing OCT4, SOX2, KLF4, MYC, LIN28, and NANOG, were obviously
expressed in transgene-residual iKCs (though at lower levels than
those in hiPSCs), indicating that residual transgenes may have
been reactivated in iKCs (Fig. 4; supplemental online Figs. 2, 4).
Examination of the expression of keratinocyte-specific genes, in-
cluding K5, K14, and dNp63, revealed higher expression in iKCs
derived from transgene-free iPSCs than in those derived from
transgene-residual iPSCs (both transposon- and retrovirus-based
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hiPSCs) (Fig. 4; supplemental online Fig. 5). On the other hand,
K8 and K18, which are expressed during the early stage of epider-
mal cell lineages, were strongly positive in transgene-residual iKCs
(Fig. 4). Based on these results, residual transgenes in hiPSCs could
influence epidermal differentiation by reactivation, resulting in
partial differentiation into K5/K14-positive keratinocytes.

For further examination, retrovirus-based hiPSCs (transgene
residual) and hESCs (no transgenes) were differentiated into ker-
atinocytes using the same protocols described in Figure 3A. At
4-5 weeks of differentiation, cells that could be maintained
in keratinocyte-specific medium and that were positive for K5/
K14 were obtained. Interestingly, iKCs derived from retrovirus-
based hiPSCs morphologically resembled those derived from
transgene-residual transposon-based hiPSCs, which showed
a spindle-shaped morphology {Fig. 3B). The expression levels of
stem cell marker genes, including OCT4 and NANOG, in iKCs de-
rived from retrovirus-based hiPSCs were as low as those in normal
human somatic tissues (supplemental online Fig. 4). However,
gene expression from the residual retrovirus vector was found
to be reactivated in iKCs derived from retrovirus-based hiPSCs
(supplemental online Fig. 6). Additionally, two other independent

©AlphaMed Press 2014
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Figure 3. Keratinocytes induced from established hiPSCs. (A): Timeline of keratinocyte differentiation. Lower panels show representative
photographs of cells at each stage (X40). (B): Morphology of cells derived from hiPSCs or hESCs indicated in panels, respectively (X100).
(€): Morphology of cells derived from transgene-residual hiPSCs at a later passage (p10, X40). (D): Immunofluorescence analysis of K5 and K14
expression in primary keratinocytes (hKCs) and iKCs derived from transgene-residual (Kel6) and transgene-free (Kel6-R1) hiPSCs. Scale bars =50 wm.
(E): Bisulfite sequencing of the OCT4 promoter region in iKCs and primary human keratinocytes. Open and closed circles indicate unmethylated
and methylated CpG dinucleotides, respectively. Abbreviations: cont, control; d, days; hESC, human embryonic stem cell; hKC, human kerati-
nocyte; IgG cont, IgG control; iKC, induced keratinocyte; Tg(+), transgene-residual; Tg(—), transgene-free; W, weeks.

hiPSC lines, Kell and Kel5 (Fig. 1D), both of which retain repro-
gramming transgenes, were subjected to the keratinocyte differ-
entiation protocol. The Kell- and Kel5-derived iKCs (iKC1 and
iKC5, respectively) showed spindle-shaped morphologies similar
to those of transgene-residual iKCs (iKC6) (Fig. 3B; data not
shown).
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Functional Properties of iKCs

As described above, the morphological and molecular pheno-
types of iKCs derived from transgene-free hiPSCs or hESCs
appeared to be more similar to those of normal human keratino-
cytes. Finally, we compared the tissue reconstitution potential of
these iKCs using a three-dimensional (3D} culturing system for
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Figure 4. Single-cell gene expression analysis using the Fluidigm dy-
namic array. Single-cell gene expression profiling using Fluidigm dy-
namic arrays was performed. Heat maps depict the expression of
genes differentially expressed between iKC6 (transgene residual) and
iKC6-R1 (transgene-free) hiPSCs and primary human keratinocytes
{control). Rows represent individual cells, and columns represent the
evaluated genes. Genes highly expressed are shown in white, and genes
with low expression are shown in red. Abbreviations: AFP, a-fetoprotein;
dNp63, A N p63;iKC, induced keratinocyte; INV, involucrin; ITGA6, a6
integrin; ITGB4, B4 integrin; KRAT, keratin; PKC, primary human ker-
atinocytes from neonatal male skin.

keratinocytes (CELLnTEC). According to the manufacturer’s pro-
tocols, we performed the 3D culture experiments with both
transgene-residual (iKC6) and -free (iKC6-R1) cell lines for approx-
imately 21 days. As representatively shown in Figure 5A, iKC6-R1
cells successfully formed pluristratified epidermal structures in
four of six experiments (67%), whereas no such structures were
formed by iKC6 cells in any of the six experiments. In 3D culture,
keratinocyte differentiation was evaluated by immunofluores-
cence staining of K14 and involucrin proteins (Fig. 5B). Lower
layers of the pluristratified structure were positive for K14,
whereas the upper layers were positive forinvolucrin, indicating
in vitro reproduction of normal keratinocyte differentiation in
vivo. A pluristratified structure was also formed by transgene-
free hESCs in three of six experiments (50%) (Fig. 5C). In con-
trast, no such structures were formed by any of the
transgene-residual hiPSC lines including iKC1 (seven experi-
ments) and iKC-Retro (five experiments) (Fig. 5D). These results
indicated that residual transgenes and their reactivation upon
differentiation of keratinocytes from hiPSCs could critically in-
fluence not only the cellular phenotypes of such keratinocytes
but also the functional properties of these cells for potential
therapeutic use in regenerative medicine.

In this study, we present a direct comparison of the effects of ex-
cising reprogramming transgenes from hiPSCs in terms of cellular
and molecular phenotypes and their potential for differentiation
into keratinocytes in vitro. Comparison between hiPSCs gener-
ated by different induction methods, e.g., retrovirus-based
(transgene-residual) hiPSCs versus Sendai virus-based (transgene-
free) hiPSCs, did not reveal any effects of residual transgenes

www.StemCellsTM.com

in hiPSCs. However, our piggyBac transposon-based method
allowed generation of an isogenic pair of hiPSC lines with or with-
out retention of the reprogramming transgenes, leading to a pre-
cise evaluation of the effects of residual transgenes in hiPSCs and
their derivatives.

The present study showed that, in the presence of the resid-
ual transgenesthat had been silenced in a pluripotent state before
differentiation induction, the iPSCs underwent transcriptional reac-
tivation of the exogenous genes and showed less efficient differ-
entiation into keratinocytes. In fact, we compared the phenotypes
and function of transgene-residual and -free hiPSCs and their deriv-
atives (iKCs). In the undifferentiated state, there appeared to be
no characteristic differences between transgene-residual and -free
hiPSCs. Next, we differentiated these established hiPSCs into
epidermal keratinocytes using a modified method published
elsewhere [19, 20]. In morphological, gene expression, and
functional analyses, we found that transgene-residual hiPSCs
did not fully differentiate into keratinocytes. Single-cell analysis
using the Fluidigm dynamic array revealed that the cells derived
from transgene-residual hiPSCs remained in an early develop-
mental stage of keratinocyte differentiation, i.e., the K8/K18-
positive stage, which may be related to residual transgene reac-
tivation and subsequent activation of endogenous pluripotency
genessuch as NANOG (Fig. 4). On the other hand, cells that resem-
bled normal human keratinocytes were effectively induced from
transgene-free hiPSCs (Figs. 3-5). Single-cell analysis showed that
our keratinocyte differentiation method successfully induced
epidermal lineage cells, because cell types belonging to other
lineages were not detected as shown in Figure 4. However,
the expression of keratinocyte-specific genes such as K5, K14,
and dNP63 was still weak even in cells differentiated from
transgene-free hiPSCs compared with that in primary human
keratinocytes, indicating that better methods need to be estab-
lished for keratinocyte differentiation. Another explanation is
that a minor population (~10%) of iKC cells that expressed an
extremely high level of K14 as shown in Figure 3D was included
in the bulk analysis but excluded from the single-cell analysis by
random selection (Fig. 4).

In terms of the relationship between residual transgenes and
iPSC function, we found conflicting results in the present study.
Previous reports have suggested that impaired silencing of trans-
genes in hiPSCs results in poor differentiation [22, 23]. Once the
transgenes were silenced in iPSCs, these cells appeared to show
a normal differentiation ability. Major et al. [24] reported that
there are no differences between neuronal cell differentiation
from transgene-residual or -free hiPSCs (induced by a lentiviral
vector with Cre-loxp-mediated transgene excision system), and
in that study, transgenes were silenced in hiPSCs. On the other
hand, Toivonen et al. {25] reported that the reactivation of trans-
gene in retrovirally generated hiPSCs affected the differentiation
ability of these cells. The major problems of these previous con-
tradicted reports were that hiPSCs generated from different
methods (i.e., retrovirus-based and Sendai virus-based hiPSCs)
had been compared. However, with our present situation, we
could compare the phenotypes of transgene-residual and -free
hiPSCs of the same genetic background, and this led to a precise
evaluation of the effects of residual transgenes in hiPSCs and their
derivatives. Thus, in our study, although the transgenes appeared
to be silenced in hiPSCs, reactivation of the transgenes was obvi-
ous upon keratinocyte differentiation, leading to poor keratino-
cyte differentiation.

©AlphaMed Press 2014
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Figure5. Functional analysis of iKCs from hiPSCs,. (A): Representative cross-sectional views of three-dimensional {3D) culture of iKCs usinga 3D
epidermal culture system (CELLNTEC). iKC6 and iKC6-R1 keratinocytes were generated from Kel6 (Tg+) and Kel6-R1 (Tg—) hiPSCs, respectively.
Hematoxylin and eosin staining. Magnification is X40 (top and middle) and X200 (bottom). (B): Immunofluorescence analysis of K14 and
involucrin expression in the reconstituted epidermis shown in (A) (X 100). (C): Representative cross-sectional view of 3D culture of iKCs from
hESCs. Hematoxylin and eosin staining is shown at X 100 magnification. {D): Results of 3D culture-based functionality tests of iKCs derived from
various hiPSC lines or a hESC line. Abbreviations: hESC, human embryonic stem cell; iKC, induced keratinocyte; iKC-hESC, iKCs from hESCs; Tg+,

transgene-residual; Tg—, transgene-free.

From another point of view, Itoh et al. [20] also reported that
they selected cells in which the transgenes were not reactivated
when evaluating their keratinocytes induced from retrovirus-
based hiPSCs. Based on these results, including our own, the dif-
ferentiation abilities of transgene-residual hiPSCs may be
impaired, and this phenomenon may be more easily detected
depending on the induced cell type. Specifically, residual trans-
genes tended to be reactivated more easily upon keratinocyte
differentiation.

To further investigate whether reactivation of residual
transgenes in hiPSCs was related to the method of derivation,
namely transposon system specific, we differentiated
retrovirus-based hiPSCs that were already confirmed to be
pluripotent [26] (transgene residual) and hESCs (no transgenes)
into epidermal keratinocytes using the same protocols and per-
formed characteristic analyses of these cells. Morphologically,
as expected, the cells differentiated from retrovirus-based
hiPSCs showed a spindle shape resembling that of the differen-
tiated transposon-based transgene-residual hiPSCs. On the
other hand, cells differentiated from hESCs showed a cobble-
stone appearance that resembled the morphology of
transposon-based transgene-free hiPSCs. Moreover, we clearly
observed transgene reactivation in cells differentiated from
retrovirus-based hiPSCs. These results strongly suggest that resid-
ual transgenes in hiPSCs can affect the differentiation ability, at
least when differentiating into keratinocytes, through the reacti-
vation of residual transgenes.
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Moreover, the piggyBac transposon-based system for cellular
reprogramming allowed efficient removal of reprogramming
transgenes without residual exogenous sequences or any footprint
mutations in the hiPSC genome. Even for establishment of human
disease models in vitro, proper quality and safety precautions may
be required because of the use of hiPSCs with viral transgene inte-
gration. Reactivation of any integrated transgene is one of the rea-
sons for the oncogenicity of iPSCs [5-8]. Furthermore, transgene
integration itself causes insertional mutagenesis [9]. Therefore,
several methods have been developed to generate iPSCs, other
than retrovirus-based methods, including those using plasmids
[27], recombinant proteins [28], episomal viral vectors [29], and
mRNA [30, 31] for derivation of transgene integration-free iPSCs.
Among these methods, although the Sendai viral vector is now
widely used to generate transgene integration-free iPSCs, it can
be quite difficult to show that there is no residual virus in the cells.
Therefore, among the various methods, we selected the piggyBac
transposon system to generate hiPSCs.

Our results have significant implications for the clinical use (or
even laboratory use) of hiPSCs. Specifically, we confirmed that
transgene-residual hiPSCs are not suitable for clinical use and
that transgene integration-free hiPSCs are necessary. The timing
of integrated transgene reactivation cannot be predicted, and
thus, transgene-free hiPSCs are more appropriate not only for
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clinical use and also laboratory use; otherwise the results may be
affected. In addition, our piggyBac transposon system for the creation
of hiPSCs may be a powerful approach, especially for clinical use.
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Abstract

The reprogramming of somatic cells to pluripotency using defined transcription factors holds great
promise for biomedicine. However, human reprogramming remains inefficient and relies either on
the use of the potentially dangerous oncogenes KLF4 and CMYC or the genetic inhibition of the
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tumor suppressor gene p53. We hypothesized that inhibition of signal transduction pathways that
promote differentiation of the target somatic cells during development might relieve the
requirement for non-core pluripotency factors during iPSC reprogramming. Here, we show that
inhibition of Notch significantly improves the efficiency of iPSC generation from mouse and
human keratinocytes by suppressing p21 in a p53-independent manner and thereby enriching for
undifferentiated cells capable of long-term self-renewal. Pharmacological inhibition of Notch
enabled routine production of human iPSCs without KLF4 and CMYC while leaving p53 activity
intact. Thus, restricting the development of somatic cells by altering intercellular communication
enables the production of safer human iPSCs.

Use of the potent oncogenes KLF4 and CMYC in the generation of induced pluripotent stem
cells (iPSCs) limits their translational utility '-2. Currently, elimination of these genes during
human iPSC reprogramming requires suppression of p53 activity 216, which in turn results
in the accumulation of genetic mutations in the resulting iPSCs 3. Therefore, there remains a
real need for reprogramming approaches that enable iPSC generation without the use of
KLF4 and CMYC while leaving p53 activity intact.

In part to address this need, several groups have undertaken chemical screens to identify
small molecules that can improve reprogramming !7-2!. Thus far, the majority of active
compounds are thought to improve reprogramming by inhibiting chromatin-modifying
enzymes or by reinforcing the transcriptional network associated with the pluripotent

state 17-22. Consistent with their proposed mechanisms of action, these chemicals generally
function in cellular intermediates that arise late in reprogramming, catalyzing their final
conversion into iPSCs 922, It is currently unclear whether known chemicals are sufficient
for generating iPSCs from adult human cells, which are consistently more difficult to
reprogram than mouse embryonic fibroblasts 23.

Given the likely need for additional reprogramming chemicals and the knowledge that most
known compounds act late in this process, we reasoned it would be valuable to identify
small molecules that improve reprogramming by acting early, perhaps within the somatic
cells themselves. We reasoned that one approach towards this goal would be to identify
chemicals that could modulate signal transduction cascades in somatic cell populations to
enrich for those cells with an enhanced capacity for reprogramming. We reasoned that if
such compounds could be identified, they might expand the translational utility of chemical
reprogramming.

It has been recognized that the extent of a target cell's differentiation is an important
determinant of the efficiency by which it can be reprogrammed 2426, We therefore
hypothesized that chemically driving somatic cells into a more potent “stem cell” state might
improve their reprogramming. To test this hypothesis, we chose to ask whether known
chemical inhibitors of the Notch signaling pathway could aid in reprogramming.

The Notch signaling pathway is highly conserved and regulates the proliferation and
differentiation of many distinct progenitor cell and stem cell types 27. Notch ligands are
generally transmembrane proteins that require contact between two cells in order to mediate
signal transduction 28, In skin, Notch promotes differentiation by directly activating p2/
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expression, which in turn blocks proliferation and induces the differentiation of keratinocyte
stem cell populations 2730, We therefore hypothesized that inhibition of Notch in
keratinocytes might enhance iPSC generation by inhibiting differentiation and enriching
more easily reprogrammed progenitor cells. We also felt that keratinocytes were an
attractive model for testing our hypothesis because if Notch inhibition did have an effect, it
could be immediately translated to the production of patient-specific iPSCs 3132,

Here, we show that Notch inhibition significantly improves the efficiency of iPSC
generation from mouse and human keratinocytes by suppressing p21 and thereby enriching
undifferentiated cells with increased reprogramming potential. In addition, pharmacological
inhibition of Notch enabled the efficient production of human iPSCs without KLF4 and
CMYC while leaving p53 activity intact, resulting in the production of safer human iPSCs.

DAPT treatment promotes keratinocyte reprogramming

Notch signaling is activated by the y-secretase complex, which cleaves the membrane-
tethered Notch receptor upon ligand binding and generates a free intracellular domain that
can translocate to the nucleus and modulate transcription 27. It has previously been shown
that the y-secretase inhibitor DAPT (Fig. 1a) can block Notch signaling in mouse
keratinocytes 33, As expected, 10 uM DAPT treatment of both neonatal mouse and human
keratinocytes transduced with the iPSC reprogramming factors increased abundance of the
full-length Notch receptor, reduced levels of cleaved Notch intracetiular domain (NICD)
(Supplementary Results, Supplementary Fig. 1a), and decreased expression of the Notch-
target genes Heyl, Hesl, Hes5, and Col6al (Supplementary Fig. 1b).

To determine whether inhibition of Notch could increase the efficiency of reprogramming,
we transduced Oct4::GFP mouse or human keratinocytes with Oct4, Sox2, Kif4, and cMyc
and cultured the resulting cells for 25 days either in the presence or absence of DAPT. We
found that the addition of 10 uM DAPT led to a significant, 4-fold increase in the number of
resulting Oct4::GFP+ mouse and NANOG+/TRA-1-81+ human iPSC colonies (Fig. 1b).

We wondered whether this increase in reprogramming activity might allow the generation of
iPSCs from keratinocytes without Kif4 and cMyc. Indeed, although transduction of Oct4 and
Sox2 alone were not sufficient to induce keratinocyte reprogramming, Oct4 and Sox2
combined with DAPT treatment routinely yielded mouse and human iPSC colonies (Figs.
I¢,d and Supplementary Fig. 2a). This effect was specific to Oct4 and Sox2-transduced cells
because other 2-factor combinations did not yield iPSCs in the presence of DAPT (Fig. 1c).

To determine whether these putative iPS cell lines were pluripotent, we subjected them to a
“scorecard” assay for pluripotency that we recently developed 3*. We found that these cell
lines were indeed composed of pluripotent cells and that they performed comparably to
human embryonic stem cells (ESCs) in their expression of pluripotency-associated genes
and differentiation propensities (Supplementary Figs 2b, ¢). To further confirm their
differentiation capacity, we also injected the OCT4, SOX2 + DAPT human cells into
immunocompromised mice and found that they readily formed teratomas containing
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differentiated cells (Fig. le). Moreover, when injected into blastocysts, the Oct4, Sox2 +
DAPT mouse cells contributed to the development of chimeric mice (Supplementary Fig.
2d), including the germ-line (Supplementary Fig. 2e).

Many applications of iPS cells would require the DAPT-dependent generation of KLF4 and
CMYC-free iPSCs from adult keratinocytes. Therefore, we determined if DAPT treatment
increased the reprogramming potential of adult human keratinocytes. As with mouse and
human neonatal keratinocytes, we found that DAPT treatment of KLF4, SOX2, OCT4, and
CMYC-transduced adult human keratinocytes significantly improved their rate of
reprogramming (Supplementary Fig. 2f) and also enabled the generation of iPSCs with just
OCT4 and SOX2 (Fig. 1f, Supplementary Fig. 2g). The scorecard assay again verified that
these 2-factor iPSCs were pluripotent (Supplementary Figs 2b, ¢). Together, these results
demonstrate that DAPT reliably enables the generation of bona fide mouse and human
iPSCs from keratinocytes without KLF4 and CMYC.

Notch inhibition promotes reprogramming

Our results thus far suggest that antagonizing Notch signaling in keratinocytes may promote
their conversion into iPSCs. To begin verifying that NOTCH was indeed the functional
target of DAPT during reprogramming, we tested a structurally distinct y-secretase inhibitor,
DBZ 33(Fig. 2a), for activity in iPSC generation. When we treated human keratinocytes with
DBZ, we observed significant reductions in the levels of the intracellular domain of the
NOTCH receptor (Supplementary Fig.1a) and the NOTCH-dependent genes HES! and
HESS5 (Supplementary Fig. 3a), indicating that DBZ administration inhibited NOTCH
signaling. Consistent with the notion that NOTCH inhibition increases the rate of
reprogramming, DBZ significantly stimulated the formation of human iPSC colonies (Fig.
2b).

Both DBZ and DAPT could have effects on the processing of unidentified y-secretase
substrates that are distinct from NOTCH, which might also impact reprogramming
efficiency. If the beneficial effects of DAPT on reprogramming were being mediated
through the specific inhibition of NOTCH signaling rather than through some other target of
y-secretase, then we reasoned that constitutive activation of NOTCH signaling should
eliminate the beneficial effect of DAPT. Consistent with this notion, we found that
overexpression of the NOTCH intracellular domain (Supplementary Fig. 3b) stimulated the
expression of NOTCH-target genes (Supplementary Fig. 3¢) and completely blocked the
positive effects of DAPT on reprogramming (Fig. 2¢). Conversely, we reasoned that
antagonizing the transcriptional activity of NOTCH should increase the rate of keratinocyte
reprogramming. Indeed, when we suppressed NOTCH activity by overexpressing a
dominant-negative form of MAMLI (Fig. 2d), a transcriptional co-activator for

NOTCH 337 we observed an increase in iPSC generation from keratinocytes transduced
with all 4 reprogramming factors (Fig. 2e). Therefore, we conclude that the inhibition of
NOTCH signaling promotes the reprogramming of both human and mouse keratinocytes.

In order to understand how Notch inhibition promotes iPSC generation, we first determined
when in the reprogramming process it was required. We treated mouse keratinocytes with
DAPT either before or both before and after transduction with reprogramming factors.
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While treatment both before and after transduction yielded a 4-fold increase in iPSC
generation, we found that pre-treatment alone resulted in a significant 2.5-fold enhancement
in reprogramming efficiency (Supplementary Fig. 4a). To more precisely pinpoint the
effective post-transduction treatment window, we transduced human keratinocytes with
KLF4, OCT4, SOX2, and CMYC and administered DAPT or DBZ from days 1-6, 6-11,
11-16, or 1-16 after viral infection (Figs 3a-c). Chemical inhibition of NOTCH signaling
was most effective during early time points, significantly increasing iPSC generation when
used from days 1-6 and 6-11 (Figs 3b, ¢). In contrast, a later treatment from days 11-16 had
little effect on reprogramming (Figs 3b, ¢). Together, these results indicate that Notch
inhibition can act on the starting keratinocytes and at early time points just after the
initiation of transcription factor overexpression to enhance reprogramming.

Notch inhibition acts by suppressing p21 expression

One way that Notch inhibition could promote iPSC formation is by activating the expression
of the reprogramming transcription factors from their endogenous loci. However, when we
treated human keratinocytes with DAPT and analyzed their gene expression, we found that
levels of KLF4, OCT4, and CMYC actually decreased and SOX2 did not significantly change
(Supplementary Fig. 4b).

In the mammalian epidermis, Notch signaling functions as a switch that directly activates
p21 transcription, which in turn forces keratinocytes to exit the cell cycle and begin
differentiating 3. To determine if chemical inhibition of Notch signaling in keratinocytes
might be enhancing their reprogramming potential by suppressing p21, we measured p21
levels in human keratinocytes in the presence and absence of DAPT. Consistent with
previous reports 38, we found that Notch inhibition decreased the levels of p2/ mRNA and
protein in these cells (Supplementary Fig. 4c, Fig. 3d). In addition, DAPT treatment slightly
decreased the level of FLAG-tagged p21 protein expressed by an exogenous retrovirus,
indicating that Notch may also regulate p21 post-transcriptionally (Supplementary Figs. 4d,
e). Consistent with these observations, Notch inhibition suppressed expression of
INVOLUCRIN, which is expressed in more differentiated keratinocytes (Fig. 3e).

To verify that Notch inhibition promotes iPSC reprogramming by suppressing p21, we
performed 2-factor (Oct4 and Sox2) and 4-factor reprogramming in keratinocytes with p21
siRNA/shRNA in the presence or absence of DAPT. Mouse keratinocytes transduced with
Kif4, Sox2, Oct4, and cMyc showed a similar increase in iPSC generation when treated with
either 2.5 pm DAPT or p21 siRNA (Supplementary Fig. 4f). The efficiency of
reprogramming with these two methods was not significantly different (Supplementary Fig.
4f), and treating with DAPT in the presence of the p21 siRNA did not produce a significant
increase in iPSC formation (Supplementary Fig. 4f). Similarly, suppression of p21 by
shRNA (Supplementary Figs 4g, h) enabled the generation of iPSCs from human
keratinocytes transduced with 2 or 4 factors at rates equivalent to DAPT treatment (Figs 3f,
). Again, supplementing p21 knockdown with DAPT treatment did not result in a
significant increase in iPSC formation (Figs 3f, g). These results indicate that p21
suppression and DAPT have similar effects on iPSC generation from keratinocytes and that
DAPT does not provide an additional advantage over p21 suppression alone.

Nat Chem Biol. Author manuscript; available in PMC 2015 February 01.



Ichida et al.

Page 6

If Notch inhibition and p21 suppression indeed blocks keratinocyte differentiation, the p21-
treated keratinocytes would be predicted to display an increase in their long-term
proliferative capacity 3°. The ability to form large colonies on collagen demonstrates the
ability of keratinocytes to self-renew extensively and is a functional property unique to
undifferentiated cells of this lineage 3. In contrast, differentiated keratinocytes senesce after
only a few rounds of division and do not form colonies 3°. DAPT treatment of human
keratinocytes for 6 days significantly increased the number of cells capable of forming large
colonies when cultured for an additional 14 days in the absence of the chemical
(Supplementary Fig. 4i). The resulting 4-fold increase in colony formation rate was similar
in magnitude to the elevation in iPSC generation with DAPT treatment (Fig. 1b). To
determine if this increased self-renewal capacity was indeed promoting reprogramming, we
transduced keratinocytes with p21 to limit their replication and attempted to reprogram them
either with or without DAPT. The forced p21 expression severely impaired the self-renewal
potential of the keratinocytes (Supplementary Fig. 4j) and inhibited iPSC formation after
transduction with the 4 reprogramming factors and treatment with DAPT (Fig. 3h).

Because Notch inhibition does not promote fibroblast replication 47, if this is the mechanism
by which DAPT improves reprogramming, we would not expect chemical treatment to
affect mouse embryonic fibroblast 4! reprogramming 4!. Indeed, DAPT treatment of MEFs
transduced with all 4 reprogramming factors did not affect the rate of iPSC generation
(Supplementary Fig. 4k). Together, these results demonstrate that Notch inhibition promotes
iPSC generation from keratinocytes by repressing their differentiation and enhancing their
long-term replicative potential through p21 suppression.

Efficient reprogramming with Notch and DOT1L inhibition

Knowing that Notch inhibition enhances iPSC generation through this unique mechanism,
we next wanted to compare its activity to previously described reprogramming molecules
that act through other mechanisms !7:#2-44 and identify any that DAPT might synergize with.
When we transduced human neonatal keratinocytes with KLF4, SOX2, OCT4, and CMYC
and treated them with various combinations of compounds shown to enhance
reprogramming in other reports, including an activator of 3’-phosphoinositide-dependent
kinase-1 (PDK1)!7, inhibitors of TGF-B, MEK, and GSK3 signaling 17, histone deacetylase
inhibitors 1742, histone methyltransferase inhibitors 1%, and a DNA methyltransferase
inhibitor 43, we found that DAPT treatment was the most potent at enhancing
reprogramming (Fig. 4a). This remained true when we attempted reprogramming with only

OCT4 and SOX2 (Fig. 4b).

However, an inhibitor of the histone methyltransferase DOT1L (iDOT1L) synergized OCT4,
SOX2 and DAPT to elevate the rate of iPSC generation by 10-fold over the rate with OCT4,
SOX2 and DAPT alone, making it even more efficient than 4-factor reprogramming either
with or without DAPT (Fig. 4b). The OCT4 + SOX2 + DAPT +iDOTIL colonies could be
readily expanded and maintained NANOG and TRA-1-81 expression (Fig. 4¢). These data
indicate that Notch inhibition is a potent enhancer of reprogramming in keratinocytes that
can synergize with chromatin-modifying compounds to induce pluripotency at a high
efficiency with only OCT4 and SOX2.
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Notch inhibition does not compromise p53 activity

Previous studies of p53 and p21 in reprogramming have suggested that ectopic
overexpression of reprogramming transcription factors can activate p53, which then induces
either apoptosis or the expression of p21, thus inhibiting reprogramming . Because
suppression of the p53 pathway greatly facilitates iPSC generation, this approach has
become an important part of reprogramming methods that reduce or eliminate integrating
exogenous transcription factors >4, However, because p53 inhibition allows the
accumulation of genetic mutations during reprogramming %, alternative approaches for
increasing reprogramming efficiencies would be desirable. We therefore next asked whether
Notch inhibition promotes reprogramming through a p53-dependent or independent pathway
by analyzing the effects of DAPT and DBZ treatment on p53 and its target genes. First, we
confirmed the finding that transduction with the iPSC reprogramming factors stimulated p53
activity (Fig. 5a). Chemical inhibition of Notch signaling in both human and mouse
keratinocytes did not reduce the expression of p53 at the protein or mRNA level either
before or after transduction with the reprogramming factors (Figs 5b,c and Supplementary
Figs 5a, b). Moreover, transcriptional analysis of DAPT-treated human and mouse
keratinocytes revealed that the mRNA levels of the p53 target genes DrS, Puma, and Fas
were not decreased (Fig. 5S¢ and Supplementary Figs Sa, b), supporting the notion that p53
activity was not suppressed by Notch inhibition.

To further confirm that DAPT treatment did not suppress p53 activity, we performed
reprogramming experiments with and without DAPT after UV irradiation. UV exposure
causes DNA damage, which in turn reduces reprogramming efficiencies by inducing p53-
dependent apoptosis 8. However, p53-deficient cells are resistant to the negative effects of
UV irradiation on reprogramming 8. Therefore, if p53 activity was maintained in DAPT-
treated cultures, then we would expect a sharp decrease in reprogramming efficiency after
UV irradiation. As a control for p53-deficiency, we performed 4-factor reprogramming with
or without UV irradiation using keratinocytes in which we overexpressed a dominant-
negative form of p53 (p53DD) 3 that suppressed p53 activity as evidenced by a decrease in
the expression levels of p53-dependent target genes (Supplementary Fig. 5c). As expected,
UV exposure did not impact the rate of iPSC generation when p53DD was expressed,
functionally demonstrating that p53 activity was indeed impaired (Fig. 5d). In contrast, in
the absence of p53DD overexpression, UV exposure sharply reduced the number of iPSCs
generated in DMSO-treated cultures (Fig. 5d). Similarly, UV irradiation severely diminished
the number of iPSC colonies in DAPT-treated cultures again suggesting that Notch
inhibition does not suppress p53 activity during reprogramming (Fig. 5d).

Although the difference in reprogramming efficiency in p53-deficient versus DAPT-treated
keratinocytes was clearly evident when UV irradiation was used to induce DNA damage, we
next determined whether DNA damage was measurably influenced by DAPT treatment
under normal reprogramming conditions. To test this, we quantified phosphorylated histone
H2AX (yH2AX) expression in 4-factor-transduced human keratinocytes treated with DAPT,
p53DD, or p53 shRNA. Histone H2AX becomes phosphorylated in response to double
strand DNA breaks, making it a reliable marker of DNA damage 8. Pan-nuclear yH2AX
expression results from replication-induced damage and could indicate insults sustained
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during reprogramming 8. We found that 10 days after transduction, pan-nuclear YH2AX
staining was significantly elevated in cultures treated with p53DD or p53 shRNA, which is
consistent with a previous study in which elevated rates of DNA damage were observed in
p53-deficient cells during reprogramming and in the resulting iPSCs ® (Fig. 5e and
Supplementary Figs 5d-f). The DAPT-treated cells, however, maintained low cell numbers
with pan-nuclear YH2AX expression that were similar to the control cultures (Fig. 5e and
Supplementary Fig. 5f). These results suggest that, in contrast to p53-deficiency, DAPT
treatment did not promote the survival and reprogramming of cells with DNA damage.

To confirm that Notch inhibition does not prevent the apoptosis of compromised cells during
reprogramming, we measured the fraction of TUNEL-positive nuclei in DAPT-treated
cultures. Despite high rates of DNA damage in the p53-deficient reprogramming cultures,
the percentage of TUNEL-positive nuclei was greatly reduced compared to a wild-type
control, indicating that inactivation of p53 permitted the survival of cells with compromised
genomes (Fig. 5f). In contrast, the percentage of TUNEL-positive cells was not significantly
reduced by DAPT treatment (Fig. 51).

In order to determine if DAPT enabled the efficient generation of iPSCs that displayed
improved genomic integrity relative to their counterparts made through p53 suppression, we
measured the copy number variation in iPSC lines made with DAPT or p53DD. Consistent
with the YH2AX and TUNEL staining results, we found that iPSC lines derived in the
presence of pS3DD possessed an average of 4 indels/line, while iPSCs derived with a
control GFP vector or 10 um DAPT contained only 1 or .5 indels/line, respectively (Fig. 5g
and Supplementary Fig. 6). Together, these experiments show that DNA damage is present
during normal reprogramming conditions and that inhibition of p53 allows cells with
damaged genomic material to persist. In contrast, Notch inhibition enhances reprogramming
without compromising genomic integrity or promoting the survival of iPSCs that have
undergone DNA damage.

Discussion

In summary, our findings suggest that signaling through the Notch pathway is a significant
impediment to the early stages of the reprogramming of both mouse and human
keratinocytes into iPSCs (Figure 6). Importantly, the mechanism by which Notch signaling
likely inhibits reprogramming of mouse and human cells is by activating p21 independently
of p53. Consistent with this hypothesis, treatment of reprogramming cultures with the -
secretase inhibitors DAPT and DBZ reduced the levels of intracellular Notch and increased
colony forming potential, leading to an increase in the rate of iPSC formation. Suppression
of p21 expression by siRNA/shRNA was sufficient to replace Notch inhibition in
reprogramming, and exogenous p21 blocked the beneficial effects of DAPT. Importantly,
the resulting improvement in reprogramming activity did not come at the expense of a
reduction in p53 activity or increased genomic instability (Figure 6).

Our findings have immediate and practical ramifications for the improved production of
patient-specific human iPSCs. When taken together, our studies show that through
pharmacological inhibition of NOTCH, it is routinely possible to produce human iPSCs with
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