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ABSTRACT

Keratinocytes represent an easily accessible cell source for derivation of human induced pluripotent
stem (hiPS) cells, reportedly achieving higher reprogramming efficiency than fibroblasts. However,
most studies utilized a retroviral or lentiviral method for reprogramming of keratinocytes, which
introduces undesirable transgene integrations into the host genome. Moreover, current protocols
of generating integration-free hiPS cells from keratinocytes are mostly inefficient. In this paper,
we describe a more efficient, simple-to-use, and cost-effective method for generating integration-
free hiPS cells from keratinocytes. Our improved method using lipid-mediated transfection achieved
a reprogramming efficiency of ~0.14% on average. Keratinocyte-derived hiPS cells showed no inte-
gration of episomal vectors, expressed stem cell-specific markers and possessed potentials to differ-
entiate into all three germ layers by in vitro embryoid body formation as well as in vivo teratoma
formation. To our knowledge, this represents the most efficient method to generate integration-

free hiPS cells from keratinocytes. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:787-791

INTRODUCTION

Human induced pluripotent stem (hiPS) cells pro-
vide a valuable source for generating patient-
specific stem cells for regenerative medicine and
disease modeling [1, 2]. hiPS cells can be generated
by reprogramming somatic cells using viral-based
methods to deliver various reprogramming factors
[3-5]. However, a major concern with using viral
based methods to generate hiPS cells is uncontrol-
lable integration of foreign transgenes into the
host genome. Recent research has utilized epi-
somal vectors to generate integration-free hiPS
cells from skin fibroblasts with an average of
<0.03% reprogramming efficiency [6, 7]. Some cell
types have reportedly achieved higher reprogram-
ming efficiency, such as cord blood myeloid pro-
genitors (average: 1.4% [8]) and neural stem cells
(average: 0.1%—1% [9]), but they are not easily ac-
cessible. In contrast, keratinocytes are easily acces-
sible from hair follicles and have demonstrated
much higher reprogramming efficiency than fibro-
blasts using viral-based reprogramming methods
[10]. However, the current protocol of generating
integration-free hiPS cells from keratinocytes can
achieve only low reprogramming efficiency
(~0.001% [11]). In this paper, we provide an im-
proved protocol to generate integration-free hiPS
cells from keratinocytes.

MATERIALS AND METHODS

Cell Culture

The hiPS cells were cultured on mitotically inac-
tivated mouse embryonic fibroblasts (MEFs) in
KnockOut Dulbecco’s modified Eagle’s medium:
Nutrient Mixture F-12 with 20% knockout serum
replacement, 10 ng/ml basic fibroblast growth fac-
tor, 1X GlutaMAX, 0.1 mM nonessential amino
acids, and 100 M B-mercaptoethanol (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com).

Generation of hiPS Cells From Fibroblasts

BJ fibroblasts (Stemgent, Cambridge, MA, https://
www.stemgent.com) were reprogrammed, as
described previously [6], with modifications.
Episomal vectors [12] (pCXLE-hOCT3/4, pCXLE-
hOCT3/4-shp53, pCXLE-hSK, pCXLE-hUL, and
pCXLE-eGFP) were obtained from Addgene (Cam-
bridge, MA, https://www.addgene.org). On day O,
6 X 10° fibroblasts were harvested and nucleo-
fected with 4 ug of vectors (1 ug per vector) using
Nucleofector Il (Lonza, Walkersville, MD, http://
www.lonza.com). Nucleofection was carried out
with the Nucleofection kit for primary fibroblasts
(Lonza) using program T-016. The nucleofected
cells were plated down onto one well of a gelati-
nized six-well plate. On day 7, 1 X 10° BJ fibro-
blasts were replated onto a 100-mm dish
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Figure 1. hiPSC generation from keratinocytes using episomal vectors. (A): Schematic timeline. (B): Cell morphology and GFP expression of kera-
tinocytes during reprogramming at days 1, 8, 12, and 19 using six reprogramming factors (MKOSLsh) and GFP. Scale bar = 100 wm. (C): Representative
morphology of a non-ESC-like colony and an ESC-like colony reprogrammed from keratinocytes. Scale bar = 100 wm. (D): Representative image of AP
staining of FiPSCs and KiPSCs in a 100-mm dish. (E): Quantification of FiPSCs or KiPSCs using four reprogramming factors (KOSsh) or six reprogramming
factors (MKOSLsh). *#:* = p << .05, unpaired two-tailed t test. Abbreviations: AP, alkaline phosphatase; bFGF, basic fibroblast growth factor; ESC-like,
embryonic stem cell-like; FiPSC, hiPSC colonies generated from fibroblasts; GFP, green fluorescent protein; hESC-like, human embryonic stem cell-like;
hiPSC, human induced pluripotent stem cell; KiPSC, hiPSC colonies generated from keratinocytes; KOSsh, KLF4, OCT4, SOX2, and short hairpin RNA for p53;
KSR, knockout serum replacement; MEF, mouse embryonic fibroblast; MKOSLsh, L-MYC, KLF4, OCT4, SOX2, LIN28, and short hairpin RNA for p53.

precoated with 1.5 X 10° MEF feeders in hiPS cell medium.
Medium was changed every 2 days.

Generation of hiPS Cells From Keratinocytes

We plated 1.3-1.5 X 10° epidermal keratinocytes (System Bio-
sciences, Mountain View, CA, http://www.systembio.com) in
one well of a gelatinized six-well plate, and they were allowed
to grow overnight. On day 0, keratinocytes with >50% confluence
were transfected using FUGENE HD (Roche, Indianapolis, IN,
http://www.roche.com) using Fugene HD (Roche, Indianapolis,
IN, http://www.roche.com) with a 8 ul to ug DNA ratio (0.5 ug
per vector) for 4 hours. Second transfection was repeated on
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day 2. Onday 3, keratinocytes were trypsinized, and 90% of the cells
were replated onto a 100-mm dish precoated with 4 X 10° MEF
feeders in hiPS cell medium. Medium was changed every day.

Quantification of Reprogramming Efficiency

On day 30, reprogrammed cells were immunostained with TRA-1-60
antibodies (Millipore, Billerica, MA, http://www.millipore.com).
Reprogramming efficiency is calculated as the number of TRA-
1-60 positive colonies divided by the number of starting cells
and is adjusted to a passaging ratio when replating onto MEF
feeders. Alternatively, quantification of hiPS cell colonies was per-
formed by counting the colonies that resemble human embryonic

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 2. Characterization of KiPSC clones. (A): Reverse transcription polymerase chain reaction (RT-PCR) analysis of EBNA-1 integration in
isolated keratinocyte-derived hiPSC clones. The episomal vector was used as a positive control. (B): RT-PCR analysis of pluripotent gene expres-
sion OCT4, SOX2, NANOG, and REX1 in KiPSC clone 10-12. 3-actin was used as loading control. (C): Immunocytochemistry analysis of pluripotent
markers OCT4 (green), TRA-1-60 (green), NANOG (red), and DAPI counterstain (blue) in established KiPSCs. Scale bar = 100 um. (D): G-band
karyotyping of KiPSCs (passage 6). Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; KiPSC, hiPSC colonies generated from keratinocytes.
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stem cell-like (ESC-like) morphology and are positive for expres-
sion of alkaline phosphatase (AP; detection kit from Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com).

In Vitro and In Vivo Differentiation of hiPS Cells

For mesoderm and endoderm differentiation, day 7 embryoid
bodies (EBs) were plated on gelatinized dishes to differentiate
for 4 days. For neural differentiation, day 10 EBs were plated
on gelatinized dishes to differentiate for 15 days.

Teratoma were formed in vivo by transplanting ~2 X 10° hiPS
cells into nude rats using a vascularized tissue engineering cham-
ber, as described previously [13, 14]. Teratoma constructs were
harvested at 4 weeks after implantation for histological analysis.

Characterization of Derived hiPS Cells

For RT-PCR, 25-30 cycles of polymerase chain reaction (PCR) were
performed using primers listed in supplemental online Table 1.
Forimmunocytochemistry, the standard procedure was performed,
as described previously [15]. Primary antibodies used are TRA-1-60
(Stemgent or Millipore), OCT4 (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, http://www.scbt.com), NANOG (R&D Systems Inc., Minne-
apolis, MN, http://www.rndsystems.com), a smooth muscle actin
(SMA; R&D Systems Inc.), GATA4 (Santa Cruz Biotechnology Inc.),
or Nestin (Abcam, Cambridge, U.K., http://www.abcam.com).

RESULTS

Figure 1A illustrates the timeline of hiPS cell generation from ker-
atinocytes. We utilized episomal vectors, described previously [6],
to deliver various reprogramming factors. In contrast to previous
reports that utilized electroporation or nucleofection to deliver
episomal vectors [6, 16], we found that lipid-mediated transfec-
tion using FUGENE HD is highly efficient in keratinocytes, achieving
~70% efficiency after a single transfection, as determined by green
fluorescent protein (GFP) expression (Fig. 1B). Two transfections
were carried out to deliver episomal vectors carrying six repro-
gramming factors (MKOSLsh: L-MYC, KLF4, OCT4, SOX2, LIN28,
and short hairpin RNA [shRNA] for p53). By day 8, non-
reprogrammed keratinocytes would slowly detached from the cul-
ture. We observed small colonies emerge from day 12, and some of
these colonies acquired a human ESC-like morphology by day 19
(Fig. 1B), forming tight colonies with defined borders (Fig. 1C). These
hiPS cell colonies could be picked and expanded from days 21-30.

We compared the reprogramming efficiency using episomal
vectors on keratinocytes (this protocol) to fibroblasts following
a previous protocol [6]. Fully reprogrammed hiPS cell colonies
can be identified by TRA-1-60 expression [17] or human ESC-like
morphology [5, 6, 18]. Figure 1D showed a representative picture
of hiPS cell colonies generated from keratinocytes or fibroblasts.
We showed that our protocol to reprogram keratinocytes using
six reprogramming factors (MKOSLsh) yielded 162 = 11 TRA-1-
60-positive colonies (n = 3), compared with 41 *= 4 TRA-1-60-
positive colonies (n = 3) from fibroblasts (Fig. 1E). In addition,
quantification of hiPS cell colonies defined by human ESC-like mor-
phology and AP expression yielded similar results (153 % 27 colonies
from keratinocytes compared with 33 = 6 colonies from fibroblasts).

Next, we isolated six hiPS cell clones derived from kera-
tinocytes using six reprogramming factors (MKOSLsh) and per-
formed further characterization. All six clones showed no
integration of the episomal vectors to the genome (Fig. 2A).
Keratinocyte-derived hiPS cells showed expression of pluripotent
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Figure 3. KiPSC clones retain in vitro and in vivo differentiation poten-
tials. (A): Immunocytochemistry analysis of in vitro differentiation po-
tential of established KiPSCs into the three germ layers: endodermal
(GATA4), mesodermal (SMA), and ectodermal (Nestin) lineages. Scale
bar=100 um. (B, C): Image of the tissue engineering chamberimplanted
with KiPSCs (B) and teratoma formation after 4 weeks (C). Scale bar =
5cm. (D): Hematoxylin and eosin staining of teratoma constructs har-
vested at 4 weeks after implantation. Scale bar = 2 mm. (E): In vivo
teratoma formation of established KiPSCs showing cells representa-
tive of the three germ layers. Scale bar = 100 um. Abbreviations: a,
adipose; ¢, cartilaginous structure; DAPI, 4',6-diamidino-2-phenylindole;
epi-duct, epithelial-lined duct structure; epi-gut, gut-like epithelium;
epi-p, pigment epithelium; FA, femoral artery; FV, femoral vein;
KiPSC, hiPSC colonies generated from keratinocytes; m, muscle;
NR, neural rosette structure; P, rat plasma clot containing cells.

genes OCT4, SOX2, NANOG, and REX1 (Fig. 2B). Furthermore, im-
munocytochemistry analysis showed that keratinocyte-derived
hiPSCs expressed pluripotent markers OCT4, TRA-1-60, and
NANOG (Fig. 2C) and retained a normal karyotype (Fig. 2D). The
keratinocyte-derived hiPS cells formed EBs and differentiated in-
to cells of the endodermal lineage (GATA4 positive), meso-
dermal lineage (SMA positive), and ectodermal lineage (Nestin
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positive, Fig. 3A). Moreover, we transplanted three clonal
keratinocyte-derived hiPS cell lines into nude rats for teratoma for-
mation using a vascularized tissue engineering chamber [13] (Fig.
3B, 3C). All three keratinocyte-derived hiPS cell lines formed tera-
toma consisting of cells representative of the germ layers (Fig. 3D,
3E). Together, these results confirmed that keratinocyte-derived
hiPS cells derived from this protocol are bona fide hiPS cells.

DiscusSION

Our hiPS cell derivation protocol using FUGENE HD has the advan-
tage of being more cost-effective compared with previous proto-
cols that require expensive apparatus such as a nucleofector or
electroporator. Importantly, our protocols using FUGENE HD
achieved a higher reprogramming efficiency of ~0.14% on aver-
age in keratinocytes, compared with those previously reported in
fibroblasts (~0.0006%—0.03% [6, 7]), peripheral blood or bone
marrow progenitors (~0.0006%—0.0009% [16]), and hair kerati-
nocytes (~0.001% [11]). Also, previous study has shown that
KLF4, OCT4, and SOX2 were sufficient to reprogram keratinocytes
into hiPS cells using viral methods [10], albeit with low reprogram-
ming efficiency. We attempted to derive hiPS cells using 4 repro-
gramming factors KOSsh (KLF4, OCT4, SOX2, shRNA for P53) with
our protocol, but this did not yield any hiPS cell colony from ker-
atinocytes (Fig. 1E). Since episomal vectors are generally less ef-
ficient in hiPS cell generation compared with viral-mediated
methods, it is possible that elimination of MYC and LIN28 made
it insufficient to reprogram keratinocytes using episomal vectors.

CONCLUSION

This paper describes an improved method for generating
integration-free hiPS cells from keratinocytes by FUGENE HD
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transfection that is simple to use and cost-effective compared
with electroporation and nucleofection. To our knowledge, this
improved protocol is the most efficient protocol for generating
integration-free hiPS cells from keratinocytes. Our results support
keratinocytes as an easily accessible cell source for efficient gen-
eration of patient-specific hiPS cells.
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