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RESULTS 
Generation of keratinocyte-derived iPS cells
We cultured keratinocytes from a normal human foreskin (age 4 years) 
in serum-free and low-calcium medium, which promotes a highly 
proliferative, undifferentiated state. Under these conditions, only ker-
atin-positive keratinocytes grow (see below), and, upon addition of 
physiological levels of calcium, they readily differentiate and can form a 
fully differentiated stratified epidermis within a week (data not shown, 
see also ref. 9). N-terminal FLAG-tagged versions of human OCT4, 
SOX2, KLF4, c-MYC as well as GFP were cloned into a murine stem 
cell virus (MSCV)–derived retroviral vector, which provides higher 
transcriptional activation than the commonly used Moloney murine 
leukemia virus–based vectors10. We optimized the retroviral transduc-
tion of keratinocytes with GFP and found that two 45-min spinfections 
(centrifugation of cell culture plates in the presence of virus) 24 h apart 
resulted in nearly 100% infection of undifferentiated cells (Fig. 1a,b and 
Supplementary Fig. 1 online). We then used this infection protocol to 
transduce keratinocytes with retroviruses encoding the four factors. 
Fifty-thousand passage-1 to passage-5 keratinocytes were seeded (day 0)  
and infected on day 1 and 2 with a 1:1:1:1 mixture of retroviruses. Cells 
were trypsinized on day 4 and seeded onto a layer of irradiated mouse 
embryonic fibroblasts (MEFs) in embryonic stem (ES) cell medium.

Within 2–3 d (6–7 d post-infection), we detected several hundred 
small, tight cell colonies that grew rapidly and, by day 10 post-infection, 
displayed typical human (h)ES cell–like morphology (tight colonies of 
cells with a large nuclear to cytoplasmic ratio and prominent nucleoli; 

Induced pluripotent stem (iPS) cells have been derived from mouse1 
and human2–5 somatic cells by forced expression of a small number 
of defined factors. The reprogramming process appears highly inef-
ficient and likely depends on many factors, including the age, type 
and origin of the cells used. In the mouse, iPS cells have been gener-
ated from derivatives of the three embryonic germ layers, including 
mesodermal fibroblasts1, epithelial cells of endoderm origin6 and 
ectodermal keratinocytes7, whereas human iPS cells have been pro-
duced from fibroblasts. Here we investigate iPS cell generation from 
human primary keratinocytes to determine whether human epithe-
lial cells are amenable to directed reprogramming and whether the 
efficiency of iPS generation can be increased by using keratinocytes. 
Keratinocytes, keratin-dense epithelial cells, generate the outer protec-
tive epidermal barrier of the skin surface as well as appendages such 
as hair and nails8. This process continues throughout life owing to 
the presence of self-renewing keratinocyte stem cells, which produce 
transit-amplifying cells that subsequently exit the cell cycle as they 
terminally differentiate8. Here we show reprogramming of human 
primary keratinocytes to pluripotency by retroviral transduction of 
four (OCT4, SOX2, KLF4, c-MYC) or three (OCT4, SOX2, KLF4) fac-
tors. The high efficiency of reprogramming with four factors allowed 
us to generate iPS cells from minute samples using single plucked 
hairs. This accessible source of more easily reprogrammable cells from 
either plucked hair or epidermal biopsies should facilitate progress 
toward the goal of safe, efficient iPS generation by transient delivery 
of reprogramming factors.
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able pluripotency marker in hES cells with correct morphology12. Six 
lines were selected for further analyses: four lines obtained with four 
factors (KiPS4F1 to KiPS4F4, of which KiPS4F1 was the result of pool-
ing ~20 independent colonies) and two lines generated without c-MYC 
(KiPS3F1 and KiPS3F2). Except for the KiPS4F3 line, which displayed a 
strong tendency to spontaneously differentiate in culture (see below), 
all the other lines could be maintained by standard procedures for the 
culture of hES cells, passaged mechanically onto feeder cells or adapted 
to enzymatic passaging as single cells on Matrigel-coated plates with 
feeder-conditioned medium (Supplementary Fig. 2i–j); they also dis-
played a normal 46 XY karyotype (data not shown) and an HLA haplo-
type identical to that of fibroblasts obtained from the original foreskin 
biopsy (A*01,24, B*44,44, DRB1*07,13). Some of these lines (KiPS4F1, 
KiPS4F2 and KiPS3F1) have been maintained in continuous culture for 
over 7 months without signs of replicative crisis. Continuous passag-
ing of KiPS4F1 as single cells on Matrigel resulted in the appearance 
of chromosomal abnormalities (karyotype 46,XY,t(17;20)(p13;p11.2)) 
in 70% of the cells after 13 passages. Notably, karyotypic abnormalities 
involving chromosomes 17 and/or 20 are frequently detected in hES 
cells passaged enzymatically as single cells13,14. All KiPS cells expressed 
genes and cell-surface markers characteristic of hES cells, including 
NANOG, OCT4, SOX2, REX1, CRIPTO, Connexin43, IGF1 receptor, 
SSEA3, SSEA4, TRA-1-60 and TRA-1-81 (Fig. 1g, Supplementary Fig. 
3 online and data not shown), as well as complete loss of keratinocyte-
specific markers such as Keratin 14 (see below and data not shown). A 

Fig. 1c). We also observed clumps of differentiated nonproliferating 
cells (Fig. 1d and Supplementary Fig. 2a online) and some colonies 
with distinct morphology, including typical keratinocyte colonies, 
which were in all cases easily distinguishable from hES cell–like colonies 
(Supplementary Fig. 2b–c). We obtained similar results with keratino-
cytes isolated from four other independent normal foreskin biopsies of 
2-, 2-, 4- and 16-year-old individuals.

Transduction of keratinocytes with single factors or GFP did not 
result in the formation of cell colonies, except for c-MYC, which yielded 
large numbers of colonies with distinct keratinocyte morphology 
(Supplementary Fig. 2d–e and data not shown). We were unable to 
generate hES cell–like colonies with any of the possible combinations of 
two or three factors, except with the combination of OCT4, SOX2 and 
KLF4. However, the number of hES cell–like colonies was much lower 
in the absence of c-MYC (20–30 colonies) and their appearance was 
delayed (~20 d versus 10 d for the four factors), consistent with previ-
ous findings on the role of c-MYC in the reprogramming of human 
fibroblasts11.

Characterization of keratinocyte-derived iPS cells
We picked 24 four-factor-induced and 5 three-factor-induced colonies 
and passaged them as fragments onto fresh feeder cells. Most of these 
subcultures (21 out of 24 and 5 out of 5) expanded and gave rise to 
colonies of hES cell–like morphology that stained strongly positive for 
alkaline phosphatase (AP) activity (Fig. 1f), proposed as the most reli-
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Figure 1  KiPS cell colony formation and cell line characterization. (a,b) Morphology of keratinocytes grown in serum-free medium after infection with GFP 
retrovirus showing expression in most cells (a) apart from terminally differentiating keratinocytes (b). (c) Typical example of a small ES cell–like colony  
10 d post-infection. (d) Example of a completely differentiated ball of keratinocytes 10 d post-infection. (e) Typical ES cell–like iPS cell colony 13 d post-
infection. (f) Example of AP+ iPS colonies 7 d after mechanical picking (at day 21). (g) Representative immunofluorescence analysis of KiPS cells growing 
on Matrigel. Clear expression of the ES cell surface antigens SSEA4, SSEA3, TRA-1-60, TRA-1-81 and IGF1 receptor, the nuclear transcription factors 
OCT4, SOX2, NANOG and the intercellular gap junction protein connexin 43 is observed. (h,i) Quantitative flow cytometry analysis of typical ES cell surface 
antigens (blue line) comparing (h) primary human keratinocytes with (i) KiPS cells demonstrating a dramatic shift from negative to positive expression. Note 
that the putative embryonic stem cell marker CD24 is expressed in keratinocytes and not fibroblasts (Supplementary Fig. 4), although increased intensity 
is observed in KiPS cells. Conversely, CD29 intensity is reduced after reprogramming. Isotype-specific control antibodies (red) were included in every 
experiment and a minimum of 10,000 events were recorded. Scale bars: (a–e): 100 m, (g): 25 m.
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detailed flow cytometry analysis of two lines, KiPS4F1 and KiPS3F1, 
showed that at passage 6, the cells were 85–100% positive for all ES 
cell markers tested, including SSEA3, SSEA4, AP, IGF1R, CD24, CD90, 
CD29, CD9 and CD49f (Fig. 1h–i, Supplementary Fig. 4 online and 
data not shown). Overall, the expression of stem cell markers in KiPS 
cells was indistinguishable from that of hES cell lines derived in our 
laboratory15 and maintained under similar conditions (Supplementary 
Figs. 3 and 4; see also Figs. 2 and 5a–c).

Silencing of retroviral transgenes in KiPS cells
Southern blot analysis of genomic DNA confirmed the independent 
origin of our KiPS cell lines (Supplementary Fig. 5 online). Consistent 
with the origin of KiPS4F1 as a pool of independent KiPS colonies, the 
hybridization signal was diluted in the Southern blot and no specific 
bands were detectable, but integration of all four transcription factors 
was shown by PCR of genomic DNA (Fig. 2a). The absence of c-MYC 
retroviral integrations in KiPS3F1 was confirmed by PCR and Southern 
blot analysis of genomic DNA (Fig. 2a and Supplementary Fig. 5). 
Notably, the number of retroviral integrations in KiPS cells (maximum 
of 3 and average of 2.0 integrations per retrovirus and genome) was 
clearly lower than that of iPS cells generated from human fibroblasts2 
and more similar to that of iPS cells from mouse hepatocytes and gastric 
epithelial cells6.

It has been suggested that the correct generation of iPS cells requires 
silencing of the retroviral transgenes16. Except in the KiPS4F3 line, 
we could not detect the slower-migrating, FLAG-tagged exogenous 
factors in KiPS cell extracts by western blot analysis with specific 
antibodies against OCT4, SOX2, KLF4 or c-MYC, nor did we detect 
anti-FLAG immunoreactivity (Fig. 2b and data not shown). We con-
firmed these results by quantitative RT-PCR using primers specific 
for either the endogenous or transgenic factors (Fig. 2c). Transgene 
silencing was also evident from immunofluorescence analysis, where 
a few spontaneously differentiating cells identified by SSEA-1 expres-
sion also had concomitant loss of SOX2 expression, supporting 
endogenous transcription factor regulation (Supplementary Fig. 6 
online). Notably, incomplete silencing of OCT4 and c-MYC transgene 
expression in KiPS4F3 cells was associated with deficient reprogram-
ming, as evidenced by the tendency of these cells to spontaneously 
differentiate and their failure to activate expression of endogenous 
OCT4, SOX2, NANOG, REX1 and CRIPTO (Fig. 2c), similar to what 
has been observed using human fibroblasts, where some partially 
reprogrammed iPS clones displayed continuous transgene expres-
sion4. KiPS cells generated by retroviral transduction either with four 
or three factors displayed near-complete demethylation of the OCT4 
and NANOG promoters (Fig. 2d), like hES cells3,5.

Pluripotency of KiPS cells
We tested the pluripotency of five KiPS cell lines (the KiPS4F3 cell line 
was excluded from the analysis) in assays of embryoid body forma-
tion in vitro and/or teratoma induction in vivo. All cell lines tested 
readily differentiated in vitro into endoderm, mesoderm and ectoderm 
derivatives that stained positive for -fetoprotein, -actinin and TuJ1 
immunoreactivity, respectively (Fig. 3a–d, Supplementary Fig. 7 online 
and data not shown). Furthermore, we achieved highly efficient dif-
ferentiation into dopaminergic neurons (Fig. 3e–i and Supplementary 
Fig. 7) and beating cardiomyocytes (Supplementary Movie 1 online). 
Upon injection into immunocompromised mice, three independent 
KiPS cell lines (KiPS4F1, KiPS4F2 and KiPS3F1) readily generated com-
plex intratesticular teratomas, comprising structures and tissues derived 
from the three embryonic germ layers (Fig. 3j–m and Supplementary 
Fig. 8 online).
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Figure 2  KiPS cells display retroviral silencing, promoter demethylation and 
activation of endogenous pluripotency factors. (a) PCR analysis specific for 
retroviral DNA confirms the presence of all four factors in KiPS4F cells and 
the absence of c-MYC in KiPS3F1 cells. (b) Western blot showing protein 
levels of the specified factors in keratinocytes, KiPS cell lines, hES cells 
and 293T cells transfected with the four factors. The presence of a FLAG-
tag on the transgenes allows retroviral and endogenous gene expression 
to be distinguished based on size. All lines show silencing of transgenes 
and induction of endogenous OCT4 and SOX2 expression except for the 
KiPS4F3 line. Low levels of SOX2 are detected in KiPS3F1 cells. Note the 
low levels of endogenous (and transgenic) c-MYC and KLF4, although some 
endogenous c-MYC is detected at low levels also in primary keratinocytes. 
(c) The expression levels of transgenic and endogenous factors quantified 
by qRT-PCR and plotted relative to GAPDH expression correlate well to 
western blot data. The graph depicts transgenic and endogenous levels of 
OCT4, SOX2, KLF4 and c-MYC, the pluripotency markers NANOG, CRIPTO, 
REX1 and markers associated with differentiation into specific cell types. 
(d) Bisulfite sequencing of the OCT4 and NANOG promoters reveals nearly 
complete demethylation in both KiPS4F and KiPS3F cells, whereas primary 
keratinocytes and fibroblasts are methylated to a similar extent.
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same foreskin biopsy. We obtained ~400 KiPS 
cell colonies (379 ± 52, n = 3) from ~50,000 
infected keratinocytes (Fig. 4o), based on 
morphological criteria (which identified 
reprogrammed KiPS cells with a success rate 
of ~90%; see above) and AP staining, repre-
senting an overall reprogramming efficiency 
close to 1%. From fibroblasts infected in par-
allel, we obtained 100–150 ‘granulated’ colo-
nies and ~4 hES cell–like AP+ colonies (3.7 
± 1.5, n = 3; Fig. 3i) at 31 d post-infection 
from ~50,000 infected fibroblasts, or an over-
all efficiency of <0.01%, in agreement with 
previous reports2. These results show that in 
our system, reprogramming of human kera-
tinocytes is at least 100-fold more efficient 
than that of fibroblasts.

To examine the susceptibility of these two 
cell types to retroviral transduction, we used 
GFP-encoding retroviral supernatants to infect 
keratinocytes or fibroblasts obtained from two 
independent foreskin biopsies. No significant 
differences were detected in the percentage of 
transduced cells and in the median intensity of 
GFP fluorescence (Supplementary Fig. 1) or 
in the protein levels of the four transcription 
factors (Supplementary Fig. 1c), indicating 
that retroviral transduction efficiency does 
not explain differences in reprogramming 
efficiency.

To begin to investigate the molecular 
mechanisms that underlie the high efficiency 
of keratinocyte reprogramming, we first ana-
lyzed the expression level of several factors 
involved in reprogramming and/or pluripo-
tency. Expression of OCT4, NANOG, SOX2, 
CRIPTO and REX1 was not detected in either 

keratinocytes or fibroblasts (Fig. 2c). However, keratinocytes showed 
much higher expression of c-MYC and KLF4 compared with fibro-
blasts, hES cells and KiPS cells (Fig. 2c). In addition, compared with 
fibroblasts, keratinocytes expressed higher levels of certain stem cell 
markers, such as CD24 (Supplementary Fig. 4; ref. 17).

We next compared transcriptional profiles in keratinocytes, fibro-
blasts, hES cells and KiPS cells for 84 genes related to stem cell identity, 
growth or differentiation. Gene expression values were clustered using 
a Pearson correlation as a distance measure and compared among sam-
ples using pairwise complete linkage. Both analyses showed that kera-
tinocytes are significantly more similar to hES cells and KiPS cells than 
fibroblasts are to hES cells and KiPS cells (Fig. 5a and Supplementary 
Fig. 9 online). Finally, we carried out genome-wide transcriptional 
profiling of primary keratinocytes and fibroblasts (two independent 
cultures of each cell type, one being from the same biopsy), two inde-
pendent hES cell lines and three KiPS cell lines. Hierarchical clustering 
showed that KiPS cells and hES cells cluster together, with fibroblasts 
and keratinocytes as outgroups (Fig. 5c and Supplementary Fig. 10 
online). The overall transcriptional profiles of KiPS cells and hES cells 
appeared indistinguishable in the sense that the differences between 
KiPS cell lines and hES cell lines are in the same range as the differences 
between different hES cell lines. Furthermore, clustering of raw data 
by k-Means identified a subset of genes expressed in pluripotent cells 
but not in keratinocytes or fibroblasts (Fig. 5b; see also Supplementary 

Timing and efficiency of keratinocyte reprogramming
Taken together, these results demonstrated that human keratinocytes, 
like fibroblasts, can be reprogrammed to pluripotency by retroviral 
transduction with defined factors. We next investigated the timing 
and efficiency of KiPS cell generation. Morphologically, nascent KiPS 
cell colonies could be identified as early as 10 d post-infection (6 d 
after seeding onto feeders, Fig. 1c and Supplementary Fig. 2g). In 
contrast, colonies of iPS cells generated by retroviral transduction of 
human fibroblasts with the same four factors appear at 21–25 d post-
infection (refs. 2,4; see also Fig. 4). Most of these colonies showed a 
mosaic pattern of AP+ and AP– cells. A similar pattern was seen in 
colonies at day 14, whereas they were uniformly AP+ at 17 or 21 d 
post-infection (Fig. 4a–e). KiPS cell colonies also expressed other 
hES cell markers, such as SSEA4 and TRA-1-81 as early as 14 d post-
infection in a mosaic pattern (Fig. 4f–h). Conversely, the presence 
of keratinocyte-specific proteins, such as Keratin 14 (expressed in 
100% of primary keratinocytes before reprogramming, Fig. 4m), was 
limited to only some of the cells in nascent KiPS colonies as early as 8 
d post-infection and highly restricted to single, scattered cells at day 
14 (Fig. 4i–k). Established KiPS cells were completely negative for 
Keratin 14, similar to hES cells (Fig. 4l,n).

To compare the efficiency of reprogramming keratinocytes and 
fibroblasts, we used the same retroviral supernatants to transduce pri-
mary dermal fibroblasts and epidermal keratinocytes isolated from the 

a b c d
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Figure 3  KiPS cells can differentiate into all three primary germ layers in vitro and in vivo. (a–d) In vitro 
differentiation of KiPS cells into all three primary germ cell layers. After generation of embryoid bodies 
(a) KiPS cells were specifically directed to differentiate into endoderm (b) ( -fetoprotein-positive, 
green), mesoderm (c) ( -actinin-positive cardiac myocytes, red) and ectoderm (d) (TuJ1-positive 
neuronal cells, green). (e) Specific differentiation by co-culture on PA6 cells followed by exposure to 
FGF-8 and SHH generated dopaminergic neurons with the typical morphology and co-expression of the 
neuronal marker TuJ1 (green) and the specific dopaminergic marker tyrosine hydroxylase (TH, red). 
Co-localization is visualized as yellow (example from KiPS4F cells). (f–i) Example of dopaminergic 
differentiation in KiPS3F1 cells (f) with enlarged views of the dopaminergic-specific marker TH (g, 
red), the general neuronal differentiation marker TuJ1 (h, green) and co-localization (i, yellow). (j–m) 
Spontaneous differentiation into all three germ layers is evident in teratomas (j) by histology and 
specific antibody staining, including TuJ1-positive ectoderm (k), -fetoprotein-positive endoderm 
(l) and -actinin positive mesoderm (m). Characterization of additional KiPS lines are presented in 
Supplementary Figures 7 and 8. Blue nuclear staining is DAPI. Scale bars, 50 m.
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in the genome (Supplementary Fig. 12a online), a near-complete 
demethylation of the OCT4 promoter (Supplementary Fig. 12b), as 
well as transcriptional silencing of all four retroviral transgenes and 
activation of endogenous pluripotency genes but not of differentia-
tion-specific genes (Supplementary Fig. 12c). The cells also differen-
tiated into derivatives of all three embryonic germ layers, including 
dopaminergic neurons and beating cardiomyocytes (Fig. 6k–n and 
Supplementary Movie 2 online).

We then used this methodology on hair from five additional adults 
(four females and one male, ages 28–35). In some cases, several hairs 
were needed to obtain successful cell outgrowth. Using various modi-
fications of the culture conditions, we obtained KiPS cell colonies 
from the hair of four of the five individuals based on morphological 
criteria (Supplementary Fig. 13 online). In addition to the initial 
characterized line, we established a second line and demonstrated 
expression of all pluripotency genes tested as well as the capacity to 
form embryoid bodies and differentiate spontaneously, including gen-
eration of von Willebrand factor–positive endothelial cells and beat-
ing cardiomyocytes (Supplementary Fig. 13c–j and Supplementary 
Movie 3 online). In one experiment, hair-derived keratinocytes were 
adapted to serum free, low-calcium medium, which allowed culture 
for at least four passages while maintaining a morphology identical 
to that of epidermal keratinocytes and successful generation of KiPS 
cells (Supplementary Fig. 13l–m) using the procedure established 
for foreskin keratinocytes.

Fig. 10). Unsupervised clustering identified a number of transcripts 
expressed in keratinocytes, KiPS cells and hES cells but not in fibro-
blasts (Supplementary Fig. 11 online). Other examples of clustering 
are included in Supplementary Data online.

Generation of KiPS cells from plucked human hair
Aiming to take advantage of the high efficiency of keratinocyte repro-
gramming, we tested whether KiPS cells could be established from 
minute amounts of biological sample. Large numbers of keratino-
cytes can be cultivated from plucked hair18,19. We initially used a 
single hair plucked from a 30-year-old woman. When this hair was 
cultured in MEF-conditioned hES cell medium on a Matrigel-coated 
dish, keratinocytes proliferated out of the outer root sheet area, 
whereas no cells grew from the bulb area (Fig. 6a,b). Keratinocytes 
isolated in this way were split once into another Matrigel-coated 
dish and infected 2 d later with retroviruses expressing GFP or the 
four factors. GFP-transduced cells rapidly differentiated, whereas 
four factor–transduced cells yielded a few KiPS cell–like colonies 
(Fig. 6c). These colonies were picked mechanically and transferred 
to a fibroblast feeder layer (Fig. 6d). They could be expanded and 
they stained strongly for AP activity and displayed the same colony 
morphology, growth characteristics and expression of pluripotency-
associated transcription factors and surface markers as hES cells and 
KiPS cells obtained from foreskin keratinocytes (Fig. 6e–j). Hair-
derived KiPS cells showed integration of all four retroviral transgenes 

Keratinocytes Fibroblasts
14 21 31

a b c d e

f g h i j k

l m n

o

Figure 4  The dynamics of efficient keratinocyte reprogramming. (a) Overview of multiple colonies 10 d post-infection displaying several partial AP+ 
colonies, AP– colonies and several differentiated balls of keratinocytes (brown). (b–e) Detailed examples are shown in b (10 d) and c (14 d). After 17 d  
(d) and 21 d (e) many colonies are completely AP+ and much bigger, whereas differentiated balls of keratinocytes have not grown. (f–h) Colonies at day 14 
stained for SSEA4 (red) and TRA-1-81 (green) demonstrating the variation in expression of ES cell markers between and within colonies. (i–k) Monitoring 
KiPS colony formation shows early reduction of Keratin 14 (K14, green) expression in the middle of colonies already at 8 d (i) and 10 d (j) post-infection 
whereas most cells are K14 negative at day 14 with AP activity also found in a mosaic pattern (k). (l–m) As expected, K14 (green) is expressed strongly in 
all primary keratinocytes (l) but is completely absent from ES4 (m) and KiPS3F1 (n) cell lines. (o) Example of whole 10-cm dishes stained for AP at 14 and 
21 d post-infection showing numerous large AP+ colonies from keratinocytes, whereas fibroblasts from the same patient biopsy yielded a few small colonies 
after 31 d. Scale bars, 100 m.
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and epigenetic reprogramming (Figs. 2 and 5), acquisition of self-re-
newal ability (Figs. 1 and 2) and pluripotency (Fig. 3), and silencing of 
retroviral transgenes (Fig. 2).

Our study provides several clues for understanding the high efficiency 
of keratinocyte reprogramming. Similar expression levels of the four 
exogenous factors in keratinocytes and fibroblasts (Supplementary 
Fig. 1) suggest that differences in retroviral transduction efficiency 
are not a major parameter. One possibility is that our keratinocyte 
reprogramming protocol exerts a selection pressure for reprogrammed 
cells, as nonreprogrammed keratinocytes (but not fibroblasts) rapidly 
differentiate and stop proliferating when switched to hES cell medium. 
However, the observation that KiPS cells have fewer retroviral integra-
tions (Supplementary Fig. 5) than fibroblast-derived iPS cells points 
to the importance of intrinsic differences between the two somatic 
cell types. In the mouse, hepatocytes and gastric epithelial cells also 
appear to be more easily reprogrammed and require fewer retroviral 
integrations than fibroblasts6, although the mechanisms underlying this 
difference are unknown20. Thus, it is conceivable that epithelial cells 
per se are more amenable to reprogramming, perhaps because, unlike 
fibroblasts, they would not be required to undergo a mesenchymal-to-
epithelial transition to give rise to iPS cells. It was initially speculated 
that a possible explanation for the low efficiency of iPS cell generation 
from fibroblasts could be that the target of reprogramming was rare 

DISCUSSION
Our results show that human ectodermal keratinocytes from skin biop-
sies can be reprogrammed to pluripotency with at least 100-fold higher 
efficiency and twofold faster compared with fibroblasts (Figs. 1,4,6, and 
Supplementary Fig. 2). Other than these differences in efficiency and 
timing, keratinocyte reprogramming shares the main features reported 
for iPS cell generation from fibroblasts, including global transcriptional 
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Figure 5  q-PCR and microarray analysis comparing keratinocytes, 
fibroblasts, KiPS cells and ES cells. (a) q-PCR analysis of 84 stem cell 
genes comparing fibroblasts, keratinocytes, ES4 cells and KiPS cells. The 
correlation table shows that keratinocytes are much more similar (1.00 
being identical) to ES4 and KiPS cells than fibroblasts are to ES4 and KiPS 
cells, and that ES4 cells and KiPS cells are highly similar. (b) Scatter plot of 
genome-scale DNA microarray experiments built after principal component 
analysis. The eigen value of the first three components drawn here is 
97.8%. KiPS cells and ES cells cluster together, whereas keratinocytes and 
fibroblasts are outgroups. In addition the variability between KiPS cells and 
ES cells is not greater than between different ES cell lines. (c) Example of 
a cluster generated by a nonsupervised clustering of genes showing genes 
expressed in both KiPS and ES cells, but not fibroblasts and keratinocytes. 
Full details and gene names for this and other clusters are available in 
Supplementary Data.

Figure 6  Generation and characterization of KiPS 
cells from a single plucked hair. (a) The internal 
part of a single scalp hair was placed in Matrigel-
coated 35-mm dish containing irradiated MEF-
conditioned ES cell medium. (b) Outgrowth of 
keratinocytes from the outer root sheet (but not the 
hair bulb area) was clearly evident after 5 d. After  
8 d cells were split and 3 d later cells were infected 
once. (c) The majority of cells differentiated, 
leaving a few colonies growing out with typical ES 
cell morphology, which were picked mechanically 
and transferred to human fibroblast feeders.  
(d) Example of initial passage 1 iPS cell colony 
10 d after picking. (e) AP+ hair iPS cell colonies 
appear identical to foreskin fibroblast–derived KiPS 
colonies. (f–j) immunofluorescence analysis shows 
expression of typical ES cell markers, including 
SSEA3, SSEA4, OCT4, SOX2, TRA-1-60, TRA-
1-81, NANOG and CX43. (k–n) Hair-derived KiPS 
cells form embryoid bodies (k) and differentiate 
into all three germ layers, demonstrated by  

-fetoprotein positive endoderm (red) (l), -actinin 
(red)/troponin1 (green) positive mesoderm (m) and 
Tuj1 (green)/tyrosine hydroxylase (TH, red) positive 
dopaminergic neurons (n). Scale bars: (a–e) 200 
m, (f–n) 50 m.
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After replacing with fresh serum-free low-calcium medium and incubating for 2 d  
cells were trypsinized and seeded into 10-cm dishes containing 4 million irradi-
ated mouse fibroblasts and ES cell medium. ES cells and KiPS cells were cultured 
on top of irradiated mouse or human fibroblasts and picked mechanically, or on 
Matrigel by trypsinization (using MEF-conditioned medium). Knockout DMEM 
ES cell medium was supplemented with 20% knockout serum replacement, non-
essential amino acids, 2-mercaptoethanol, penicillin/streptomycin, GlutaMAX, 
bFGF (all Gibco) and human albumin (Grifols). Feeder cells used: HFF-1: human 
foreskin fibroblasts, ATCC. MEFs were established from dissociated C57BL/6 
mouse embryos (13.5 d gestation). Both HFF-1 and MEF were mitotically inac-
tivated by gamma irradiation (55 Gy). This study was done in accordance with 
Spanish laws and regulations regarding the generation of human iPS cells and 
following a protocol approved by the Spanish competent authorities (Comisión 
de Seguimiento y Control de la Donación de Células y Tejidos Humanos del 
Instituto de Salud Carlos III).

Constructs and retroviral production. cDNAs for OCT4 and SOX2 were ampli-
fied from ES[4] total RNA by RT-PCR. KLF4 was amplified from IMAGE clone 
5111134. c-MYC T58A mutant cDNA was amplified from DNA kindly provided by 
Luciano Di Croce. The amplified cDNAs were cloned into the EcoRI/ClaI sites of 
a modified pMSCVpuro vector that allows the expression of N-terminal FLAG-
tagged proteins. Retroviruses for the four factors were independently produced 
after transfecting the cell line Phoenix Amphotropic using Fugene 6 reagent 
(Roche) according to the manufacturer’s directions. After 24 h, the medium was 
replaced, cells were incubated at 32 °C, and the viral supernatant was harvested 
after 24 and 48 h.

Immunofluorescence and AP analysis. Cells were grown on plastic cover slide 
chambers, fixed with 4% paraformaldehyde. The following antibodies were 
used: Keratin 14 (Covance, PRB-155P, 1:1,000), AP (Abcam, ab17973-50, 1:50), 
TRA-1-60 (MAB4360, 1:100), TRA-1-81 (MAB4381, 1:100), SOX2, (AB5603, 
1:500) all from Chemicon; SSEA-4 (MC-813-70, 1:2), SSEA-3 (MC-631, 1:2) 
all from the Developmental Studies Hybridoma Bank at the University of 
Iowa; Tuj1 (Covance, 1:500), MAP2a+b (Sigma, M1406, 1:100), TH (Sigma, 
1:1,000), -fetoprotein (Dako, 1:400), -actinin (Sigma, 1:100), OCT-3/4 (C-10, 
SantaCruz, sc-5279, 1:100), NANOG (Everest Biotech EB06860, 1:100), Connexin 
43 (1:1,000, ab11370, Abcam), AP (1:500, Abcam, ab17973). Secondary antibod-
ies used were all the Alexa Fluor Series from Invitrogen (all 1:500). Images were 
taken using Leica SP5 confocal microscope. Direct AP activity was analyzed using 
an alkaline phosphatase blue membrane substrate solution kit (Sigma, AB0300) 
according to the manufacturer’s guidelines.

In vitro differentiation. Cells were trypsinized into a single cell suspension and 
resuspended in conditioned medium. Embryoid body formation was induced by 
seeding 20,000–30,000 KiPS cells in 200 l of conditioned medium in each well of 
96-well v-bottom, low attachment plates and centrifuging the plates at 950g for 
5 min to aggregate the cells. After 3–4 d the embryoid bodies were transferred to 
0.1% gelatin-coated glass chamber slides and cultured in differentiation medium 
(DMEM supplemented with 20% fetal bovine serum, 2 mM L-glutamine, 0.1 
mM 2-mercaptoethanol, nonessential amino acids and penicillin-streptomycin) 
for 2–3 weeks to allow spontaneous endoderm formation. The medium was 
changed every other day. For mesoderm/cardiomyocyte differentiation, iPS cells 
were maintained on gelatin-coated plate in differentiated medium supplemented 
with 100 M ascorbic acid (Sigma).

For ectoderm differentiation, coculture with the stromal cell line PA6 was 
used to differentiate KiPS cells into dopaminergic neurons. Briefly, after 10 d as 
a floating culture in N2B27 medium with FGF-2 (20 ng/ml), Sonic Hedgehog 
(0.1 g/ l) and FGF8 (100 ng/ml), embryoid bodies were plated on a PA6- feeder 
layer and maintained for 3–5 weeks in the absence of FGF2 . The medium was 
changed every other day.

Teratoma formation. Severe combined immunodeficient (SCID) beige mice 
(Charles River Laboratories) were anesthetized and ~1 million KiPS cells, resus-
pended in 20-40 l of ES cell medium, were injected into the testis. Mice were 
euthanized 6–8 weeks after cell injection and tumors were processed and analyzed 
following conventional immunohistochemistry protocols (Masson's trichromic 
stain) and immunofluorescence. All animal experiments were conducted fol-

tissue stem and/or progenitor cells1. The higher efficiency of keratino-
cyte reprogramming may be influenced by the presence of keratinocyte 
stem cells8.

Our analyses of the expression of stem cell–related genes showed that 
keratinocytes are more similar to hES cells and KiPS cells than fibro-
blasts are to hES cells and KiPs cells (Fig. 5a). Flow cytometry analysis 
also uncovered the expression of putative stem cell markers, such as 
CD24, in primary keratinocytes but not in fibroblasts (Supplementary 
Fig. 4). In addition, keratinocytes contain higher levels of endogenous 
KLF4 and c-MYC transcripts compared with fibroblasts (Fig. 2c; see also 
refs. 21,22). It was recently shown that mouse neural stem cells, which 
express high endogenous levels of Sox2, do not require Sox2 transduc-
tion to be reprogrammed to pluripotency23. In contrast, KiPS cell gen-
eration requires KLF4 transduction even though keratinocytes express 
KLF4 at high levels. Nevertheless, the high endogenous levels of KLF4 
and c-MYC in keratinocytes may be associated with transcriptional 
and epigenetic states favorable to reprogramming. Indeed, unsuper-
vised clustering of genome-wide transcriptional profiling data identi-
fied transcripts expressed in keratinocytes, KiPS cells and hES cells but 
not in fibroblasts (Supplementary Fig. 11). Some of these genes may 
explain why keratinocytes reprogram more easily than fibroblasts.

We have also shown the generation of KiPS cells from single plucked 
hairs from five of six adults. Although the sub-culture of hair-derived 
KiPS cells was optimized in several ways (Supplementary Fig. 13), the 
reprogramming protocol itself was identical to the one developed for 
foreskin keratinocytes. An outstanding question is whether the hair 
follicle cells that undergo reprogramming are indeed keratinocytes, 
as non-keratinocyte multipotent stem cells are present in the outer 
root sheath area24,25. Although we cannot formally exclude that non-
keratinocyte multipotent stem cells are the target of reprogramming in 
our experiments, several lines of evidence argue against this possibility. 
First, our hair-derived cells displayed the typical epithelial morphol-
ogy, stained positive for keratin, showed the growth characteristics and 
requirements of epidermal keratinocytes and differentiated completely 
upon passaging in the presence of hES cell medium (most similar to 
the case of epidermal foreskin keratinocytes). Adaptation to serum-
free, low-calcium medium led to faster cell proliferation, increased 
expansion capacity and a morphology identical to that of epidermal 
keratinocytes. Second, retroviral transduction with the four factors 
was necessary to generate hair-derived KiPS cells, which rules out the 
possibility that these cells represent an expansion of resident multi-
potent stem cells (indeed all cells in noninfected controls differentiate 
at passage 1 under our hES cell medium culture conditions). Finally, 
the efficiency and timing of reprogramming closely resemble those 
of foreskin epidermal keratinocytes. Although future research will be 
needed to unambiguously address this point, our data so far point to 
keratinocytes as the most likely cell source of reprogrammed cells from 
plucked hair.

In conclusion, reprogramming of keratinocytes to pluripotency 
should provide a valuable experimental model for investigating the 
bases of cellular reprogramming and pluripotency as well as a practical 
and advantageous alternative for the generation of patient- and disease-
specific pluripotent stem cells.

METHODS
Cell culture. Keratinocytes were isolated from juvenile foreskins (2–16 year old) 
using dispase to remove the dermis from the epidermis followed by trypsinization 
and culture in serum-free low calcium medium (Epilife, Invitrogen). A 1:1:1:1 
mix of retroviruses with FLAG-tagged OCT4, SOX2, KLF4 and c-MYCT58A was 
added to keratinocytes (passages 1–5) in the presence of 1 g/ml polybrene and 
spinfected for 45 min at 750g. This procedure was repeated the following day. 
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facturer’s protocols (Affymetrix) as described previously29. The amplification and 
labeling were processed as indicated in the Nugen protocol with 25 ng starting 
RNA. For each sample, 3.75 mg single-stranded DNA was labeled and hybridized 
to the Affymetrix HG-U133 Plus 2.0 chips. Expression signals were scanned on 
an Affymetrix GeneChip Scanner (7G upgrade). The data extraction was done 
by the Affymetrix GCOS software v.1.4.

The statistical analysis of the data was performed using R software environment. 
First, the raw data were normalized using the gcRMA algorithm implemented in 
R (ref. 30), and a hierarchical clustering using Pearson correlation coefficients 
was performed on the normalized data. gcRMA normalized data were clustered 
into 30 clusters using the k-means algorithm implemented in GenePattern26. The 
cluster n5 showing mostly ‘pluripotent’ genes expressed in KiPS and hES cells 
but not in fibroblasts or keratinocytes was further hierarchically clustered using 
the hierarchical clustering tool in GenePattern with default parameters (Pearson 
correlation distance measure and pairwise complete linkage clustering on raws 
and columns) and viewed using the HierarchicalClusteringViewer applet with 
a relative coloring by rows. A principal component analysis on the arrays was 
performed by the PCA tool of the GenePattern server and visualized using the 
scatterplot3d library in R software environment. The 3 first components drawn 
have a total eigen value of 97.8% (principal component 1: 92.4% (separates the 
group KiPS/ES cells from fibroblasts and keratinocytes), principal component 
2: 3.5%, principal component 3: 1.9%).

Southern blotting. Genomic DNA from each cell line was isolated with a stan-
dard protocol using Proteinase K and phenol. Each DNA sample (3 g) was 
digested with 40 U of PstI or HindIII restriction enzyme (New England Biolabs), 
electrophoresed on a 1% agarose gel, transferred to neutral nylon membranes 
(Hybond-N, Amersham) and hybridized with DIG-dUTP labeled probes gener-
ated by PCR using the PCR DIG Probe Synthesis Kit (Roche Diagnostics). Probes 
were detected by an AP-conjugated DIG-Antibody (Roche Diagnostics) using 
CDP-Star (Sigma-Aldrich) as a substrate for chemiluminescence. Conditions 
were as per the instructions of the manufacturer. The probes were generated 
using SOX2, OCT4, KLF4 and c-MYC cDNAs as templates with the following 
primers (F, forward; R, reverse):
SOX2 F 5 -AGTACAACTCCATGACCAGC-3 ; SOX2 R 5 -TCACATGTGTGAGAGGGGC-3

OCT4 F 5 -TAAGCTTCCAAGGCCCTCC-3 ; OCT4 R 5 -CTCCTCCGGGTTTTGCTCC-3

KLF4 F 5 -AATTACCCATCCTTCCTGCC-3 ; KLF4 R 5 -TTAAAAATGCCTCTTCATGTGTA-3

c-MYC F 5 -TCCACTCGGAAGGACTATCC-3 ; c-MYC R 5 -TTACGCACAAGAGTTCCGTAG-3

Cell staining and fluorescence-activated cell sorting. For surface phenotyping 
and cell sorting the following fluorochromes FITC, AlexaFluor-488, phycoeryth-
rin (PE), or allophycocyanin (APC)–labeled monoclonal antibodies (mAbs) were 
used, all from Becton Dickinson Biosciences, unless otherwise indicated: anti-CD9 
FITC, anti-SSEA-3 AF488 from eBiosciences; anti-CD221 PE (1H7), anti-CD49f 
PE (GoH3), anti-CD24 PE (ML5), anti-SSEA-4 PE (MC813-70) from R&D; anti-
CD90 APC (5E10), anti-CD29 APC (MAR4), anti-CD71 FITC (M-A712) and 
anti-ALP APC from R&D. The specificity of the staining was verified by the use of 
the matched isotype control mAbs. For the immunophenotype characterization 
a total of 10,000 events were collected. Hoechst 33528 (H258) was included at 
1 g/ml in the final wash to detect dead cells. All analyses were performed on a 
MoFlo cell sorter (DakoCytomation) applying Summit software.

Accession number. All microarray data have been deposited at the GEO database, 
accession number GSE12583.

Note: Supplementary information is available on the Nature Biotechnology website.
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Western blot analysis of the clones. Whole cell extracts were isolated using RIPA 
buffer and 10 g protein was analyzed by western blot using specific antibodies 
against Oct4 (Santa Cruz sc-5279), Sox2 (Neuromics GT15098), c-Myc (Sigma 
C3956), Klf4 (Santa Cruz sc-12538) or FLAG (Sigma M2).

qPCR analyses. Total mRNA was isolated using TRIZOL and 1 g was used to 
synthesize cDNA using the Invitrogen Cloned AMV First-Strand cDNA synthesis 
kit. One l of the reaction was used to quantify gene expression by qPCR using 
the following primers (F, forward; R, reverse):

OCT4 F 5 -GGAGGAAGCTGACAACAATGAAA-3 ; R 5 -GGCCTGCACGAGGGTTT-3

SOX2 F 5 -TGCGAGCGCTGCACAT-3 ; R 5 -TCATGAGCGTCTTGGTTTTCC-3

NANOG F 5 -ACAACTGGCCGAAGAATAGCA-3 ; R 5 -GGTTCCCAGTCGGGTTCAC-3

CRIPTO F 5 -CGGAACTGTGAGCACGATGT-3 ; R 5 -GGGCAGCCAGGTGTCATG-3

REX1 F 5 -CCTGCAGGCGGAAATAGAAC-3 ; R 5 -GCACACATAGCCATCACATAAGG-3

KLF4 F 5 -CGAACCCACACAGGTGAGAA-3 ; R 5 -GAGCGGGCGAATTTCCAT-3

c-MYC F 5 -AGGGTCAAGTTGGACAGTGTCA-3 ; R 5 -TGGTGCATTTTCGGTTGTTG-3

TBX5 F 5 -ATGTCAAGAATGCAAAGTAAAGAATATCC-3 ; R 5 -GACTCGCTGCTGAAAGGACTGT-3

MEF2C F 5 -CTGGCAACAGCAACACCTACA-3 ; R 5 -GCTAGTGCAAGCTCCCAACTG-3

FOXA2 F 5 -CTGAAGCCGGAACACCACTAC-3 ; R 5 -CGAGGACATGAGGTTGTTGATG-3

HNF4 F 5 -CTGCAGGCTCAAGAAATGCTT-3 ; R 5 -TCATTCTGGACGGCTTCCTT-3

Sox17 F 5 -TGGCGCAGCAGAATCCA-3 ; R 5 -CCACGACTTGCCCAGCAT-3

TUBB3 F 5 -GGCCAAGTTCTGGGAAGTCA-3 ; R 5 -CGAGTCGCCCACGTAGTTG-3

PAX6 F 5 -GCTTCACCATGGCAAATAACC-3 ; R 5 -GGCAGCATGCAGGAGTATGA-3

GAPDH F 5 -GCACCGTCAAGGCTGAGAAC-3 ; R 5 -AGGGATCTCGCTCCTGGAA-3

Trans-OCT4 F 5 -TGGACTACAAGGACGACGATGA-3 ; R 5 -CAGGTGTCCCGCCATGA-3

Trans-SOX2 F 5 -GCTCGAGGTTAACGAATTCATGT-3 ; R 5 -GCCCGGCGGCTTCA-3

Trans-KLF4 F 5 -TGGACTACAAGGACGACGATGA-3 ; R 5 -CGTCGCTGACAGCCATGA-3

Trans-c-MYC F 5 -TGGACTACAAGGACGACGATGA-3 ; R 5 -GTTCCTGTTGGTGAAGCTAACGT-3

Endo-OCT4 F 5 -GGGTTTTTGGGATTAAGTTCTTCA-3 ; R 5 -GCCCCCACCCTTTGTGTT-3

Endo-SOX2 F 5 -CAAAAATGGCCATGCAGGTT-3 ; R 5 -AGTTGGGATCGAACAAAAGCTATT-3

Endo-KLF4 F 5 -AGCCTAAATGATGGTGCTTGGT-3 ; R 5 -TTGAAAACTTTGGCTTCCTTGTT-3

Endo-c-MYC F 5 -CGGGCGGGCACTTTG-3 ; R 5 -GGAGAGTCGCGTCCTTGCT-3

For the expression analysis of stem cell related genes, we used the Human 
Stem Cell RT2 profiler PCR array (SuperArray Biosciences Corporation) with  
1 g of total RNA following the manufacturer’s directions. Expression values were 
normalized to the average expression of housekeeping genes. Values below 0.44 
were considered to be not expressed and marked as 0 and then clustered using 
a Pearson correlation as a distance measure and using pairwise complete link-
age, as implemented in GenePattern26 in the Hierarchical Clustering27 module. 
For graphical representation we used the Hierarchical Clustering Viewer from 
GenePattern, with coloring relative for each gene row.

Genomic DNA PCR primers used were (fw, forward; rv, reverse):
qFLAGfw: 5 -ATGGACTACAAGGACGACGATGAC-3
qOct4brv: 5 -tcaggctgagaggtctccaa-3
qSox2rv: 5 -tataatccgggtgctccttc-3
qKlf4rv: 5 -cgttgaactcctcggtctct-3
qMycrv: 5 -cagcagctcgaatttcttcc-3

Sodium bisulfite mutagenesis and analysis. Groups of 10,000–25,000 cells 
were included in 1.6% LMP agarose and digested in a Proteinase K–containing 
medium. Genomic DNA was mutagenized by exposure for 5 h to a mixture of 
40.5% sodium bisulfite and 10 mM hydroquinone. The promoter sequences 
of interest were amplified by two subsequent PCRs using primers previously 
described (ref. 28, primer pair 4 for OCT4 and primer pair 1 for NANOG). The 
resulting amplified products were cloned into PCR 2.1 or pGEM Easy plasmids, 
amplified in TOP10 cells, purified and sequenced.

GeneChip expression analysis. Total RNA was isolated from fibroblasts from 
individuals 1 and 2 and from keratinocytes from individuals 1 and 3, as well 
as from KiPS3F1, KiPS4F1, KiPS4F2 and hES cell lines ES[2] and ES[4] using 
Trizol (Invitrogen) according to the manufacturer’s instructions. The GeneChip 
microarray processing was performed by the Functional Genomics Core in the 
Institute for Research in Biomedicine (Barcelona, Spain) according to the manu-
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