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In vitro reprogramming of fibroblasts into a
pluripotent ES-cell-like state
Marius Wernig1*, Alexander Meissner1*, Ruth Foreman1,2*, Tobias Brambrink1*, Manching Ku3*,
Konrad Hochedlinger1{, Bradley E. Bernstein3,4,5 & Rudolf Jaenisch1,2
Nuclear transplantation can reprogramme a somatic genome back into an embryonic epigenetic state, and the
reprogrammed nucleus can create a cloned animal or produce pluripotent embryonic stem cells. One potential use of the
nuclear cloning approach is the derivation of ‘customized’ embryonic stem (ES) cells for patient-specific cell treatment, but
technical and ethical considerations impede the therapeutic application of this technology. Reprogramming of fibroblasts to
a pluripotent state can be induced in vitro through ectopic expression of the four transcription factors Oct4 (also called Oct3/
4 or Pou5f1), Sox2, c-Myc and Klf4. Here we show that DNA methylation, gene expression and chromatin state of such
induced reprogrammed stem cells are similar to those of ES cells. Notably, the cells—derived from mouse fibroblasts—can
form viable chimaeras, can contribute to the germ line and can generate live late-term embryos when injected into tetraploid
blastocysts. Our results show that the biological potency and epigenetic state of in-vitro-reprogrammed induced pluripotent
stem cells are indistinguishable from those of ES cells.
Epigenetic reprogramming of somatic cells into ES cells has attracted
much attention because of the potential for customized transplantation therapy, as cellular derivatives of reprogrammed cells will not be
rejected by the donor1,2. Thus far, somatic cell nuclear transfer and
fusion of fibroblasts with ES cells have been shown to promote the
epigenetic reprogramming of the donor genome to an embryonic
state3–5. However, the therapeutic application of either approach has
been hindered by technical complications as well as ethical objections6. Recently, a major breakthrough was reported whereby expression of the transcription factors Oct4, Sox2, c-Myc and Klf4 was
shown to induce fibroblasts to become pluripotent stem cells (designated as induced pluripotent stem (iPS) cells), although with a low
efficiency7. The iPS cells were isolated by selection for activation of
Fbx15 (also called Fbxo15), which is a downstream gene of Oct4. This
important study left a number of questions unresolved: (1) although
iPS cells were pluripotent they were not identical to ES cells (for
example, iPS cells injected into blastocysts generated abnormal chimaeric embryos that did not survive to term); (2) gene expression
profiling revealed major differences between iPS cells and ES cells; (3)
because the four transcription factors were transduced by constitutively expressed retroviral vectors it was unclear why the cells could be
induced to differentiate and whether continuous vector expression
was required for the maintenance of the pluripotent state; and (4)
the epigenetic state of the endogenous pluripotency genes Oct4 and
Nanog was incompletely reprogrammed, raising questions about the
stability of the pluripotent state.
Here we used activation of the endogenous Oct4 or Nanog genes as
a more stringent selection strategy for the isolation of reprogrammed
cells. We infected fibroblasts with retroviral vectors transducing the
four factors, and selected for the activation of the endogenous Oct4 or
Nanog genes. Positive colonies resembled ES cells and assumed an
epigenetic state characteristic of ES cells. When injected into blastocysts the reprogrammed cells generated viable chimaeras and

contributed to the germ line. Our results establish that somatic cells
can be reprogrammed to a pluripotent state that is similar, if not
identical, to that of normal ES cells.
Selection of fibroblasts for Oct4 or Nanog activation
Using homologous recombination in ES cells we generated mouse
embryonic fibroblasts (MEFs) and tail-tip fibroblasts (TTFs) that
carried a neomycin-resistance marker inserted into either the endogenous Oct4 (Oct4-neo) or Nanog locus (Nanog-neo) (Fig. 1a). These
cultures were sensitive to G418, indicating that the Oct4 and Nanog
loci were, as expected, silenced in somatic cells. These MEFs or TTFs
were infected with Oct4-, Sox2-, c-Myc- and Klf4-expressing retroviral vectors and G418 was added to the cultures 3, 6 or 9 days later.
The number of drug-resistant colonies increased substantially when
analysed at day 20 (Fig. 1i). Most colonies had a flat morphology
(Fig. 1h, right) and between 11% and 25% of the colonies were ‘ESlike’ (Fig. 1h, left) when selection was applied early (Fig. 1k), a percentage that increased at later time points. At day 20, ES-like colonies
were picked, dissociated and propagated in G418-containing media.
They gave rise to ES-like cell lines (designated as Oct4 iPS or Nanog
iPS cells, respectively) that could be propagated without drug selection, displayed homogenous Nanog, SSEA1 and alkaline phosphatase
expression (Fig. 1b–g and Supplementary Figs 1 and 5), and formed
undifferentiated colonies when seeded at clonal density on gelatincoated dishes (see inset in Fig. 1b). Four out of five analysed lines had a
normal karyotype (Supplementary Table 1).
Although the timing and appearance of colonies were similar
between the Oct4 and Nanog selection, we noticed pronounced
quantitative differences between the two selection strategies: whereas
Oct4-selected MEF cultures had 3- to 10-fold fewer colonies, the
fraction of ES-like colonies was 2- to 3-fold higher than in Nanogselected cultures. Accordingly, approximately four times more Oct4selected ES-like colonies gave rise to stable and homogenous iPS cell
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lines compared with Nanog-selected ES-like colonies (Fig. 1k). This
suggests that although the Nanog locus was easier to activate, a higher
fraction of the drug-resistant colonies in Oct4-neo cultures was reprogrammed to a pluripotent state. Therefore, the overall estimated efficiency of 0.05–0.1% to establish iPS cell lines from MEFs was similar
between Oct4 selection and Nanog selection, despite the larger number of total Nanog-neo resistant colonies (Fig. 1k). Next we investigated the time course of reprogramming by studying the fraction of
alkaline-phosphatase-, SSEA1- and Nanog-positive cells in Oct4selected MEF cultures. Fourteen days after infection some cells had
already initiated alkaline phosphatase activity and SSEA1 expression,
but lacked detectable amounts of Nanog protein (Fig. 1j), whereas by
day 20, alkaline phosphatase and SSEA1 expression had increased and
,8% of the cells were Nanog-positive. Thus, the reprogramming
induced by the four transcription factors (Oct4, Sox2, c-Myc and
Klf4) is a gradual and slow process.
Expression and DNA methylation
To characterize the reprogrammed cells on a molecular level we used
quantitative polymerase chain reaction with reverse transcription

a

(qRT–PCR) to measure the expression of ES-cell- and fibroblastspecific genes. Figure 2a shows that in Oct4 iPS cells the total level
of Nanog and Oct4 was similar to that in ES cells but decreased on
differentiation to embryoid bodies. MEFs did not express either gene.
Using specific primers for endogenous or total Sox2 transcripts
showed that most Sox2 transcripts originated from the endogenous
locus rather than the viral vector (Fig. 2b). In contrast, Hoxa9 and
Zfpm2 were highly expressed in MEFs but were expressed at very low
levels in iPS or ES cells (Fig. 2c). Western blot analysis showed that
multiple iPS clones expressed Nanog and Oct4 proteins at similar
levels compared to ES cells (Fig. 2d). Finally, we used microarray
technology to compare gene expression patterns on a global level.
Figure 2f shows that the iPS cells clustered with ES cells in contrast to
wild-type or donor MEFs.
To investigate the DNA methylation level of the Oct4 and Nanog
promoters we performed bisulphite sequencing and combined bisulphite restriction analysis (COBRA) with DNA isolated from ES cells,
iPS cells and MEFs. As shown in Fig. 2g, both loci were demethylated
in ES and iPS cells and fully methylated in MEFs. To assess whether
the maintenance of genomic imprinting was compromised we
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Figure 1 | Generation of Oct4- and Nanog-selected iPS cells. a, Targeting
strategy to generate an Oct4-IRES-GFPneo allele. The resulting GFPneo
fusion protein has sufficient neomycin-resistance activity in ES cells; GFP
fluorescence, however, is not visible. b, Phase-contrast micrograph of Oct4
iPS cells (clone 18) grown on irradiated MEFs. Inset: an ES-cell-like colony
5 days after seeding in clonal density without feeder cells. iPS clone 18 cells
exhibited strong alkaline phosphatase activity (c) and were homogenously
labelled with antibodies against SSEA1 (d, e) and Nanog (f, g). h, One
example of an ES-like colony 16 days after infection (left). Most G418resistant colonies, however, consisted of flat non-ES-like cells (right): b, 103;
c–g, 203; h, 43. i, Gradual activation of the Nanog and Oct4-neo alleles.
Shown are the total colony numbers of one experiment at day 20 after
infection starting neomycin selection at day 3, 6 and 9. j, Fraction of total
selected cells expressing alkaline phosphatase, SSEA1 and Nanog 0, 14, and

20 days after infection (counted were more than ten visual fields containing
n . 1,000 total cells for every time point; error bars indicate s.d.).
k, Estimated reprogramming efficiency of Oct4 selection and Nanog
selection (n 5 3 different experiments; s.e.m. is shown). Indicated are the
total number of drug-resistant colonies per 100,000 plated MEFs 20 days
after infection; the fraction of ES-like colonies per total number of colonies;
the fraction of iPS cell lines that could be established from picked ES-like
colonies as defined by homogenous alkaline phosphatase, SSEA1 and Nanog
expression. After determining the fraction of Sox2- (83.4%), Oct4- (53.2%)
and c-myc- (46.3%) infected MEFs 2 days after infection by
immunofluorescence and assuming 50% were infected by Klf4 viruses, we
estimated the overall reprogramming efficiency as the ratio of quadrupleinfected cells and the extrapolated total number of iPS cell lines that could be
established with G418 selection starting at day 6 after infection.
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assessed the methylation status of the four imprinted genes H19, Peg1
(also called Mest), Peg3 and Snrpn. As shown in Fig. 2e, bands corresponding to an unmethylated and methylated allele were detected
for each gene in MEFs, iPS cells and TTFs. In contrast, embryonic
germ cells, which have erased all imprints8, were unmethylated. Our
results indicate that the epigenetic state of the Oct4 and Nanog genes
was reprogrammed from a transcriptionally repressed (somatic) to
an active (embryonic) state and that the pattern of somatic imprinting was maintained in iPS cells. Furthermore, the presence of
imprints suggests a non-embryonic-germ-cell origin of iPS cells.
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Figure 2 | Expression and promoter methylation analysis of iPS cells.
a–c, qRT–PCR analysis (n 5 3 independent PCR reactions; error bars
indicate s.d.) of Oct4 iPS clone 18, subclone 18.1, 2-week-old embryoid
bodies (EBs) derived from clone 18, V6.5 ES cells and Oct4-neo MEFs shows
similar Nanog (red bars) and total Oct4 (blue bars) levels as in ES cells
(a); slightly lower total Sox2 levels (filled red bars), mostly due to expression
of endogenous Sox2 transcripts (open red bars, b); and strong
downregulation of Hoxa9 (red) and Zfpm2 (blue) transcripts in iPS cells
(c). Transcript levels were normalized to Gapdh expression, with expression
levels in ES cells (a, b) and MEFs (c) set as 1. d, Western blot analysis for Oct4
and Nanog expression of different Oct4 iPS clones (6, 9, 10, 16, 18) and a
GFP-labelled subclone of clone 18 (18.1). e, COBRA methylation analysis32
of imprinted genes H19 (maternally expressed), Peg1 (paternally expressed),
Peg3 (paternally expressed) and Snrpn (paternally expressed). Upper band,
unmethylated (U); lower band, methylated (M). f, Unsupervised
hierarchical clustering of averaged global transcriptional profiles obtained
from Oct4-neo iPS clone 18, Nanog-neo iPS clone 8, genetically matched ES
cells (V6.5;129SvJae/C57Bl/6), Oct4-neo MEFs (O), Nanog-neo MEFs (N)
and wild-type 129/B6 F1 MEFs (WT). g, Analysis of the methylation state of
the Oct4 and Nanog promoters using bisulphite sequencing. Open circles
indicate unmethylated and filled circles methylated CpG dinucleotides.
Shown are eight representative sequenced clones from ES cells (V6.5), Oct4neo MEFs and Oct4-neo iPS clone 18.
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Chromatin modifications
Recently, downstream target genes of Oct4, Nanog and Sox2 have
been defined in ES cells by genome-wide location analyses9,10.
These targets include many important developmental regulators, a
proportion of which is also bound and repressed by PcG (PolycombGroup) complexes11,12. Notably, the chromatin at many of these nonexpressed target genes adopts a bivalent conformation in ES cells,
carrying both the ‘active’ histone H3 lysine 4 (H3K4) methylation
mark and the ‘repressive’ histone H3 lysine 27 (H3K27) methylation
mark13,14. In differentiated cells, those genes tend instead to carry
either H3K4 or H3K27 methylation depending on their expression
state. We used chromatin immunoprecipitation (ChIP) and realtime PCR to quantify H3K4 and H3K27 methylation for a set of
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Figure 3 | Reprogrammed MEFs acquire an ES-cell-like epigenetic state.
a, Real-time PCR after chromatin immunoprecipitation using antibodies
against tri-methylated histone H3K4 and H3K27. Shown are the log2
enrichments for several previously reported ‘bivalent’ loci in ES cells (n 5 3
experiments; error bars indicate s.d.). Zfpm2 and Hoxa9 show enrichment for
the active (H3K4) mark in MEFs and are expressed (Fig. 1c and microarray
data), whereas the other tested genes remain silent (microarray data). All loci
tested in iPS clone O18 show enrichment for both H3K4 and H3K27 trimethylation (‘bivalent’), as seen in ES cells (V6.5). (See Supplementary Fig. 2
for H3K4 and H3K27 tri-methylation analysis of a subclone (clone O18.1)
and Nanog-neo iPS clone N8.) b, Experimental design to de- and remethylate
genomic DNA. Clone O18 was infected with the Dnmt1-hairpin-containing
lentiviral vector pSicoR-GFP. The shRNA and GFP marker in the pSicoR
vector are flanked by loxP sites18. Green colonies were expanded and passaged
four times. Tat-Cre protein transduction was used to remove the shRNA33.
c, Southern blot analysis of the minor satellite repeats using a methylationsensitive restriction enzyme (HpaII) and its methyl-insensitive isoschizomer
(MspI) as a control. Loss of methylation in two different clones (lanes 6 and 7)
is comparable to Dnmt1 knockout ES cells (lane 2). After Cre-mediated
recombination, complete remethylation (lane 8) of the repeats is observed
within four passages. d, e, Successful loop out after Tat-Cre treatment was
identified by disappearance of EGFP fluorescence (arrow) and verified by PCR
analysis (e). f, COBRA assay of the imprinted genes Peg3 and Snrpn and a
random intergenic region close to the Otx2 locus (Intergenic), demonstrating
the expected resistance to de novo methylation of imprinted genes in contrast
to non-imprinted intergenic sequences. U, unmethylated band; M,
methylated band.
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genes reported to be bivalent in pluripotent ES cells13. Figure 3a
shows that the fibroblast-specific genes Zfpm2 and Hoxa9 carried
stronger H3K4 methylation than H3K27 methylation in the donor
MEFs, whereas the silent genes Nkx2.2, Sox1, Lbx1 and Pax5 primarily carried H3K27 methylation. In contrast, in the Oct4 iPS cells, all
of these genes showed comparable enrichment for both histone modifications, similar to normal ES cells (Fig. 3a). Identical results were
obtained in Nanog iPS clones selected from Nanog-neo MEFs
(Supplementary Fig. 2). These data suggest that the chromatin configuration of somatic cells is re-set to one that is characteristic of ES
cells.
iPS cells tolerate genomic demethylation
Tolerance of genomic demethylation is a unique property of ES cells
in contrast to somatic cells, which undergo rapid apoptosis on loss of
the DNA methyltransferase Dnmt1 (refs 15–17). We investigated
whether iPS cells would be resistant to global demethylation after
Dnmt1 inhibition and would be able to re-establish global methylation patterns after restoration of Dnmt1 activity. To this end, we used
a conditional lentiviral vector harbouring a Dnmt1-targeting short
hairpin (sh)RNA and a green fluorescence protein (GFP) reporter
gene (Fig. 3b and ref. 18). Infected iPS cells were plated at low density
and GFP-positive colonies were picked and expanded. Southern blot
analysis using HpaII-digested genomic DNA showed that global
demethylation of infected iPS cells (Fig. 3c, lanes 6, 7) was similar
to Dnmt12/2 ES cells (lane 2). In contrast, uninfected iPS cells or
MEFs (lanes 4, 5) displayed normal methylation levels. Morphologically, the GFP-positive cells were indistinguishable from the parental line or from uninfected sister subclones, indicating that iPS cells
tolerate global DNA demethylation. In a second step, the Dnmt1
shRNA was excised through Cre-mediated recombination and GFPnegative clones were picked (Fig. 3d). The cells had excised the shRNA
vector (Fig. 3e) and normal DNA methylation levels were restored
(Fig. 3c, lane 8) and were able to generate chimaeras (see below,
Table 1), as has been reported previously for ES cells19. These observations imply that the de novo methyltransferases Dnmt3a and Dnmt3b
were reactivated in iPS cells20, leading to restoration of global methylation levels. As expected19, the imprinted genes Snrpn and Peg3 were
unmethylated and resistant to remethylation (Fig. 3f).
Maintenance of the pluripotent state
Southern blot analysis indicated that Oct4-neo iPS clone 18 carried
four to six copies of the Oct4, c-myc and Klf4 retroviral vectors and
only one copy of the Sox2 retroviral vector (Fig. 4a). Because these
four factors were under the control of the constitutively expressed
retroviral long terminal repeat, it was unclear in a previous study why
iPS cells could be induced to differentiate7. To address this question,
we designed primers specific for the four viral-encoded transcription
factor transcripts and compared expression levels by qRT–PCR in

MEFs 2 days after infection in iPS cells, in embryoid bodies derived
from iPS cells, and in demethylated and remethylated iPS cells
(Fig. 4b). Although the MEFs represented a heterogeneous population composed of uninfected and infected cells, virally encoded
RNA levels of Oct4, Sox2 and Klf4 RNA were 5-fold higher and of
c-myc more than 10-fold higher than in iPS cells. This suggests silencing of the viral long terminal repeat by de novo methylation during
the reprogramming process. Accordingly, the total Sox2 and Oct4
RNA levels in iPS cells were similar to those in wild-type ES cells,
and the Sox2 transcripts in iPS cells were mostly, if not exclusively,
transcribed from the endogenous gene (compare Fig. 2b). On differentiation to embryoid bodies, both viral and endogenous transcripts
were downregulated. All viral Sox2, Oct4 and Klf4 transcripts were
upregulated by approximately twofold in Dnmt1 knockdown iPS
cells, and again downregulated on restoration of Dnmt1 activity.
This is consistent with previous data that Moloney virus is efficiently
de novo methylated and silenced in embryonic but not in somatic
cells21,22. Transcript levels of c-myc were about 20-fold lower in iPS
cells than in infected MEFs, and did not change on differentiation or
demethylation.
To follow the kinetics of vector inactivation during the reprogramming process, we isolated RNA from drug-resistant cell populations
at different times after infection. Figure 4c shows that the viral-vectorencoded transcripts were gradually silenced during the transition
from MEFs to iPS cells with a time course that corresponded to
the gradual appearance of pluripotency markers (compare Fig. 1j).
Finally, to visualize directly Oct4 and Nanog expression during differentiation, we injected Oct4 iPS cells into SCID mice to induce
teratoma formation (Fig. 4d). Immunostaining revealed that Oct4
and Nanog were expressed in the centrally located undifferentiated
cells but were silenced in the differentiated parts of the teratoma
(Fig. 4e, f). Our results suggest that the retroviral vectors are subject
to gradual silencing by de novo methylation during the reprogramming process. The maintenance of the pluripotent state and induction
of differentiation strictly depends on the expression and normal regulation of the endogenous Oct4 and Nanog genes.
Developmental potency
We determined the developmental potential of iPS cells by teratoma
and chimaera formation. Histological and immunohistochemical
analysis of Oct4- or Nanog-iPS-cell-induced teratomas revealed that
the cells had differentiated into cell types representing all three
embryonic germ layers (Supplementary Figs 3 and 4). To assess more
stringently their developmental potential, various iPS cell lines were
injected into diploid (2N) or tetraploid (4N) blastocysts. After injection into 2N blastocysts both Nanog iPS and Oct4 iPS clones derived
from MEFs (Fig. 5a) or from TTFs (Fig. 5b,c), as well as iPS cells that
had been subjected to a consecutive cycle of demethylation and
remethylation (compare Fig. 3b, c), efficiently generated viable

Table 1 | Summary of blastocyst infections
2N injections
Cell line

O6
O9
O16
O18
O3-2
O4-16
N7
N8
N14
TT-O25
O18 rem/3.1

4N injections

Injected
blastocysts

Live chimaeras

Chimaerism
(%)

Germ line

Injected
blastocysts

Dead
embryos (arrested)

Live
embryos (analysed)

ND
30
15
95
ND
ND
30
90
30
50
25

ND
5
3
8
ND
ND
1
14
5
2
1

ND
30–70
10–30
5–50
ND
ND
30
5–50
5–20
30{
30

ND
Yes
Yes
No
ND
ND
ND
No
ND
ND
ND

13
90
ND
134
25
35
ND
118
46
39
ND

0
3 (E11–13.5)
ND
7 (E9–11.5)
2 (E8,11.5)
4 (E11–13.5)
ND
9 (E9–11.5)
2 (E8,11.5)
3 (E9.5)
ND

2 (E12.5)
12 (E10–12.5)
ND
4* (E10–12.5)
0
3 (E14.5)
ND
1* (E12.5)
1 (E12.5)
0
ND

The extent of chimaerism was estimated on the basis of coat colour or EGFP expression. ND, not determined. 4N injected blastocysts were analysed between embryonic day E10.5 and E14.5.
‘Analysed’ indicates the day of embryonic development analysed; ‘arrested’ indicates the estimated stage of development of dead embryos.
* Developmentally retarded or abnormal. O18 rem/3.1 is a de- and remethylated iPS clone (Fig. 3c).
{ On the basis of GFP fluorescence.
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high-contribution chimaeras (summarized in Table 1). To test for
germline transmission, chimaeras derived from two different iPS
lines (Oct4 iPS O9 and O16) were mated with normal females, and
blastocysts were isolated and genotyped by three different PCR reactions for the presence of the multiple viral Oct4 and c-myc genes and
for the single-copy GFPneo sequences inserted into the Oct4 locus of
the donor cell (Fig. 1a). Figure 5f shows that 9 out of 16 embryos from
two chimaeras were positive for the viral copies. As expected, only
half of the viral-positive blastocysts contained the GFPneo sequences
(5 out of 9 embryos, Fig. 5f, left panel). When embryonic day (E)10
embryos derived from an Oct4 iPS line O16 chimaera were genotyped, three out of eight tested embryos were transgenic (Fig. 5f, right
panel). Finally, we injected iPS cells into 4N blastocysts as this represents the most rigorous test for developmental potency, because the
resulting embryos are composed only of the injected donor cells (‘all
ES embryo’). Figure 5d, e shows that both Oct4 and Nanog iPS cells
could generate mid- and late-gestation ‘all iPS embryos’ (summarized in Table 1). These findings indicate that iPS cells can establish all
lineages of the embryo and thus have a similar developmental potential as ES cells.
Discussion
The results presented here demonstrate that the four transcription
factors Oct4, Sox2, c-myc and Klf4 can induce epigenetic reprogramming of a somatic genome to an embryonic pluripotent state. In
contrast to selection for Fbx15 activation7, fibroblasts that had reactivated the endogenous Oct4 (Oct4-neo) or Nanog (Nanog-neo) loci
grew independently of feeder cells, expressed normal Oct4, Nanog
and Sox2 RNA and protein levels, were epigenetically identical to ES
cells by a number of criteria, and were able to generate viable chimaeras, contribute to the germ line and generate viable late-gestation
embryos after injection into tetraploid blastocysts. Transduction of

the four factors generated significantly more drug-resistant cells from
Nanog-neo than from Oct4-neo fibroblasts but a higher fraction of
Oct4-selected cells had all the characteristics of pluripotent ES cells,
suggesting that Nanog activation is a less stringent criterion for pluripotency than Oct4 activation.
Our data suggest that the pluripotent state of Oct4 iPS and Nanog
iPS cells is induced by the virally transduced factors but is largely
maintained by the activity of the endogenous pluripotency factors
including Oct4, Nanog and Sox2, because the viral-controlled
transcripts, although expressed highly in MEFs, become mostly
silenced in iPS cells. The total levels of Oct4, Nanog and Sox2 were
similar in iPS and wild-type ES cells. Consistent with the conclusion
that the pluripotent state is maintained by the endogenous pluripotency genes is the finding that the Oct4 and the Nanog genes became
hypomethylated in iPS cells as in ES cells, and that the bivalent histone modifications of developmental regulators were re-established.
Furthermore, iPS cells were resistant to global demethylation
induced by inactivation of Dnmt1, similar to ES cells but in contrast
to somatic cells. Re-expression of Dnmt1 in the hypomethylated ES
cells resulted in global remethylation, indicating that the iPS cells had
also reactivated the de novo methyltransferases Dnmt3a and Dnmt3b.
All these observations are consistent with the conclusion that the iPS
cells have gained an epigenetic state that is similar to that of normal
ES cells. This conclusion is further supported by the recent observation that female iPS cells, similar to ES cells, reactivate the somatically silenced X chromosome23.
Expression of the four transcription factors proved to be a robust
method to induce reprogramming of somatic cells to a pluripotent
state. However, the use of retrovirus-transduced oncogenes represents a serious barrier to the eventual use of reprogrammed cells for
therapeutic application. Much work is needed to understand the
molecular pathways of reprogramming and to eventually find small
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selected from E13.5 chimaeric embryos after blastocyst injection of Oct4-IRESGFPneo- or Nanog-neo-targeted ES cells. MEFs were infected overnight with the
Moloney-based retroviral vector pLIB (Clontech) containing the murine complementary DNAs of Oct4, Sox2, Klf4 and c-myc.
Southern blot, methylation and chromatin analyses. To assess the levels of
DNA methylation, genomic DNA was digested with HpaII and hybridized to a
probe for the minor satellite repeats25 or with an IAP probe26. Bisulphite treatment was performed with the Qiagen EpiTect Kit. For the methylation status of
Oct4 and Nanog promoters, bisulphite sequencing analysis was performed as
described previously27. For imprinted genes, a COBRA assay was performed.
PCR primers and conditions were as described previously28. The status of bivalent domains was determined by chromatin immunoprecipitation followed by
quantitative PCR analysis, as described previously12
Expression analysis. Total RNA was reverse-transcribed and quantified using
the QuantTtect SYBR green RT–PCR Kit (Qiagen) on a 7000 ABI detection
system. Western blot and immunofluorescence analysis was performed as
described29,30. Microarray targets from 2 mg total RNA were synthesized and
labelled using the Low RNA Input Linear Amp Kit (Agilent), hybridized to
Agilent whole-mouse genome oligonucleotide arrays (G4122F) and analysed
as previously described31.
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Dnmt1 hairpin target sequence DZ. GGAAAGAGATGGCTTAACA.

METHODS
Cell culture, MEF isolation, gene targeting and viral infections. ES and iPS
cells were cultivated on irradiated MEFs in DME containing 15% fetal calf serum,
leukaemia inhibiting factor (LIF), penicillin/streptomycin, L-glutamine, and
non-essential amino acids. All cells were depleted of feeder cells for two passages
on 0.2% gelatin before RNA, DNA or protein isolation. Transgenic MEFs were
isolated and selected in 2 mg ml21 puromycin (Sigma) from E13.5 chimaeric
embryos after blastocyst injection of Oct4-inducible KH2 ES cells29 that had been
previously targeted with either Oct4-IRES-GFPneo or Nanog-neo constructs
(Fig. 1a and ref. 24). Using homologous recombination in ES cells, an IRESGFPneo fusion cassette was inserted into the BclI site downstream of Oct4 exon 5.
Correctly targeted ES cell clones were screened by Southern analysis of NcoIdigested DNA using a 59 external probe. The murine cDNAs for Oct4, Sox2, Klf4
and c-myc were PCR amplified from ES cell cDNA, sequence-verified and cloned
into the Moloney-based retroviral vector pLIB (Clontech). 2 3 105 MEFs or
TTFs at passage 2–4 were infected overnight with pooled viral supernatant
generated by transfection of 4 3 106 HEK293T cells (Fugene, Roche) with
10 mg of viral vectors and the packaging plasmid pCL-Eco in a 10-cm dish35.
Blastocyst injection. Diploid or tetraploid blastocysts (94–98 h after HCG injection) were placed in a drop of DMEM with 15% FCS under mineral oil. A flat-tip
microinjection pipette with an internal diameter of 12–15 mm was used for iPS
cell injection (using a Piezo micromanipulator34). A controlled number of cells
was injected into the blastocyst cavity. After injection, blastocysts were returned
to KSOM media and placed at 37 uC until transferred to recipient females.
Recipient females and caesarean sections. Ten to fifteen injected blastocysts
were transferred to each uterine horn of 2.5 days post coitum pseudo-pregnant
B6D2F1 females. To recover full-term pups, recipient mothers were killed at 19.5
days post coitum. Surviving pups were fostered to lactating BALB/c mothers.
Southern blot, methylation and chromatin analyses. To assess the levels of
DNA methylation, genomic DNA was digested with HpaII, and hybridized to
pMR150 as a probe for the minor satellite repeats25, or with an IAP-probe26.
Bisulphite treatment was performed with the Qiagen EpiTect Kit. For the methylation status of Oct4 and Nanog promoters, bisulphite sequencing analysis was
performed as described previously27. A total of 10–20 clones of each sample was
sequenced in both directions. For imprinted genes, a COBRA assay was performed. PCR primers and conditions were as described previously28. PCR products after bisulphite treatment and gel purification were digested with BstUI
(CGCG; H19, Peg3 and Snrpn) or HpyCH4 IV (ACGT; Peg1) and resolved on a
2% agarose gel. Unmethylated CpGs in the recognition sequence will be converted to T and not cut. The status of bivalent domains was determined by
chromatin immunoprecipitation followed by quantitative PCR analysis, as
described previously12.
Expression analysis. Fifty nanograms of total RNA isolated using TRIzol reagent
(Invitrogen) was reverse-transcribed and quantified using the QuantTtect SYBR
green RT–PCR Kit (Qiagen) on a 7000 ABI detection system. Western blot and
immunofluorescence analysis was performed as described29,30. Primary antibodies included Oct4 (monoclonal mouse, Santa Cruz), Nanog (polyclonal rabbit,
Bethyl), actin (monoclonal mouse, Abcam) and SSEA1 (monoclonal mouse,
Developmental Studies Hybridoma Bank). Fluorophor-labelled secondary antibodies were purchased from Jackson Immunoresearch. Microarray targets from
2 mg total RNA were synthesized and labelled using the Low RNA Input Linear
Amp Kit (Agilent) and hybridized to Agilent whole-mouse genome oligo arrays
(G4122F). Arrays were scanned on an Agilent G2565B scanner and signal intensities were calculated in Agilent FE software. Data sets were normalized using an R
script (available at http://www.ebi.ac.uk/arrayexpress) and clustered as previously described31.
Viral integrations. Genomic DNA was digested with SpeI (Oct4, c-myc, klf4) or
HindIII (Sox2) overnight, followed by electrophoresis and transfer, and the blots
were hybridized to the respective radioactively labelled cDNAs of the four transcription factors.
Genotyping. Blastocysts were lysed for 4 h in 10 ml 50 mM Tris, pH 8.8, containing 1 mM EDTA, 0.5% Tween20 and 200 mg ml21 proteinase K. After heat inactivation for 15 min, PCR was performed with the following conditions: 95 uC 30 s
(1 cycle); 95 uC 10 s, 60 uC 15 s, 72 uC 15 s (40 cycles); 72 uC 5 min.
Primer sequences for genotyping. GFP-F, TCCATGGCCAACACTAGTCA;
GFP-R, TCCCAGAATGTTGCCATCTT; pLIB-FW1, CCCCCTTGAACCTCCTCGTTCGAC; Oct4R, GAGGTTCCCTCTGAGTTGCTTT; MycR,
CGAATTTCTTCCAGATATCCTCAC.
Primer sequences for viral-specific qRT–PCR. rtKlf4_virusF1, TCTCTAGGCGCCGGAATTC;
rtKlf4_virusR1,
CCATGTCAGACTCGCCAGGT;
rtMyc_virusF1, CTTCTCTAGGCGCCGGAATT; rtMyc_virusR1, TGGTGAAGTTCACGTTGAGGG; rtOct4_virusF1, TACACCCTAAGCCTCCGCCT;
rtOct4_virusR1, ATTCCGGCGCCTAGAGAAG; rtSox2_virusF1, TACACCCTAAGCCTCCGCCT; rtSox2_virusR1, ATTCCGGCGCCTAGAGAAG.

35. Naviaux, R. K., Costanzi, E., Haas, M. & Verma, I. M. The pCL vector system: rapid
production of helper-free, high-titer, recombinant retroviruses. J. Virol. 70,
5701–5705 (1996).
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