
ARTICLES

Generation of germline-competent
induced pluripotent stem cells
Keisuke Okita1, Tomoko Ichisaka1,2 & Shinya Yamanaka1,2

We have previously shown that pluripotent stem cells can be induced from mouse fibroblasts by retroviral introduction of
Oct3/4 (also called Pou5f1), Sox2, c-Myc and Klf4, and subsequent selection for Fbx15 (also called Fbxo15) expression. These
induced pluripotent stem (iPS) cells (hereafter called Fbx15 iPS cells) are similar to embryonic stem (ES) cells in morphology,
proliferation and teratoma formation; however, they are different with regards to gene expression and DNA methylation
patterns, and fail to produce adult chimaeras. Here we show that selection for Nanog expression results in
germline-competent iPS cells with increased ES-cell-like gene expression and DNA methylation patterns compared with
Fbx15 iPS cells. The four transgenes (Oct3/4, Sox2, c-myc and Klf4) were strongly silenced in Nanog iPS cells. We obtained
adult chimaeras from seven Nanog iPS cell clones, with one clone being transmitted through the germ line to the next
generation. Approximately 20% of the offspring developed tumours attributable to reactivation of the c-myc transgene.
Thus, iPS cells competent for germline chimaeras can be obtained from fibroblasts, but retroviral introduction of c-Myc
should be avoided for clinical application.

Although ES cells are promising donor sources in cell transplantation
therapies1, they face immune rejection after transplantation and
there are ethical issues regarding the usage of human embryos.
These concerns may be overcome if pluripotent stem cells can be
directly derived from patients’ somatic cells2. We have previously
shown that iPS cells can be generated from mouse fibroblasts by
retrovirus-mediated introduction of four transcription factors
(Oct3/4 (refs 3, 4), Sox2 (ref. 5), c-Myc (ref. 6) and Klf4 (ref. 7))
and by selection for Fbx15 expression8. Fbx15 iPS cells, however, have
different gene expression and DNA methylation patterns compared
with ES cells and do not contribute to adult chimaeras. We proposed
that the incomplete reprogramming might be due to the selection for
Fbx15 expression, and that by using better selection markers, we
might be able to generate more ES-cell-like iPS cells. We decided to
use Nanog as a candidate of such markers.

Although both Fbx15 and Nanog are targets of Oct3/4 and Sox2
(refs 9–11), Nanog is more tightly associated with pluripotency. In
contrast to Fbx15-null mice and ES cells that barely show abnormal
phenotypes9, disruption of Nanog in mice results in loss of the plur-
ipotent epiblast12. Nanog-null ES cells can be established, but they
tend to differentiate spontaneously12. Forced expression of Nanog
renders ES cells independent of leukaemia inhibitory factor (LIF)
for self-renewal12,13 and confers increased reprogramming efficiency
after fusion with somatic cells14. These results prompted us to pro-
pose that if we use Nanog as a selection marker, we might be able to
obtain iPS cells displaying a greater similarity to ES cells.

Generation of Nanog iPS cells

To establish a selection system for Nanog expression, we began by
isolating a bacterial artificial chromosome (BAC, ,200 kilobases)
containing the mouse Nanog gene in its centre. By using recombi-
neering technology15,16, we inserted a green fluorescent protein
(GFP)-internal ribosome entry site (IRES)-puromycin resistance
gene (Puror) cassette into the 59 untranslated region (UTR; Fig. 1a).
ES cells that had stably incorporated the modified BAC were positive

for GFP, but became negative when differentiation was induced (not
shown). By introducing these ES cells into blastocysts, we obtained
chimaeric mice and then transgenic mice containing the Nanog-
GFP-IRES-Puror reporter construct. In transgenic mouse blastocysts,
GFP was specifically observed in the inner cell mass (Fig. 1b). In
9.5 days post coitum (d.p.c.) embryos, only migrating primordial
germ cells (PGCs) showed GFP signal. In 13.5 d.p.c. embryos, GFP
was specifically detected in the genital ridges of both sexes. After
removing the brain, visceral tissues and genital ridges, we isolated
mouse embryonic fibroblasts (MEFs) from 13.5 d.p.c. male embryos.
Flow cytometry analyses showed that these MEFs did not contain
GFP-positive cells, whereas ,1% of cells isolated from genital ridges
showed GFP signals (Fig. 1c).

Next, we introduced the four previously described factors (Oct3/4,
Sox2, Klf4 and the c-Myc mutant c-Myc(T58A)) into Nanog-GFP-
IRES-Puror MEFs cultured on SNL feeder cells with the use of retro-
viral vectors. Three, five, or seven days after retroviral infection, we
started puromycin selection in ES cell medium. GFP-positive cells first
became apparent ,7 days after infection. Twelve days after infection,
a few hundred colonies appeared, regardless of the timing of puromy-
cin selection (Fig. 2a). By contrast, no colonies emerged from MEFs
transfected with mock DNA. Among puromycin-resistant colonies,
,5% were positive for GFP (Fig. 2b). When the puromycin selection
was started at 7 days after infection, we obtained the most GFP-
positive colonies. Because we used the GFP-IRES-Puror cassette, it
is unclear why we obtained GFP-negative colonies. With increased
concentrations of puromycin, we obtained fewer GFP-negative col-
onies (Fig. 2c). With any combination of three of the four factors, we
did not obtain any GFP-positive colonies (Supplementary Fig. 1).

By continuing cultivation of these GFP-positive colonies, we
obtained cells that were morphologically indistinguishable from ES
cells (Fig. 2d). These cells also demonstrated ES-like proliferation,
with slightly longer doubling times than that of ES cells (Fig. 3a).
Subcutaneous transplantation of these cells into nude mice resulted
in tumours that consisted of various tissues of all three germ layers,
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indicating that these cells are pluripotent (Fig. 3b and Supplementary
Fig. 2). We therefore refer to these cells as Nanog iPS cells in the
remainder of this manuscript. Induced pluripotent stem cells were
established from Fbx15 b-geo MEFs in parallel and are referred to as
Fbx15 iPS cells.

Similarity between Nanog iPS cells and ES cells

Polymerase chain reaction with reverse transcription (RT–PCR)
showed that Nanog iPS cells expressed most ES cell marker genes,
including Nanog, at higher and more consistent levels compared with
Fbx15 iPS cells (Fig. 4a). DNA microarray analyses confirmed that
Nanog iPS cells had greater ES-cell-like gene expression compared
with Fbx15 iPS cells (Fig. 4b). The expression level of Rex1 (also called
Zfp42) in Nanog iPS cells was higher compared with Fbx15 iPS cells,
but still lower than in ES cells. Thus, Nanog iPS cells show greater
gene expression similarity to ES cells (without being identical) than
do Fbx15 iPS cells.

RT–PCR showed that Nanog iPS cells have significantly lower
expression levels of the four transgenes than Fbx15 iPS cells
(Fig. 4c). Real-time PCR confirmed that transgene expression was

very low in Nanog iPS cells (Supplementary Fig. 4a–d). In contrast,
Southern blot analyses showed similar copy numbers of retroviral
integration in Nanog iPS cells and Fbx15 iPS cells (Supplementary
Fig. 5). These data indicate that retroviral transgene expression is
largely silenced in Nanog iPS cells, as has been shown in ES cells17.
The expression levels of the transgenes are reversely correlated with
Dnmt3a2 expression, suggesting that de novo methyltransferase18

may be involved in the retroviral silencing observed in iPS cells
(Supplementary Fig. 6).

Bisulphite genomic sequencing analyses also revealed similarities
between Nanog iPS cells and ES cells (Fig. 5). The promoter regions
of Nanog, Oct3/4 and Fbx15 were largely unmethylated in Nanog iPS
cells. This is in marked contrast to Fbx15 iPS cells in which the
promoters of Nanog and Oct3/4 were only partially unmethylated8.
Differentially methylated regions of imprinting genes H19 and Igf2r
were partially methylated in Nanog iPS cells. During PGC develop-
ment, imprinting is erased by 12.5 d.p.c.19–21. The loss of imprinting is
maintained in embryonic germ cells derived from 12.5 d.p.c. PGCs22

and cloned embryos derived from 12.5–16.5 d.p.c. PGCs23,24. ES cells,
by contrast, showed normal imprinting patterns25. Thus, Nanog iPS
cells show greater similarity in the methylation patterns of imprinting
genes to ES cells than to embryonic germ cells.

Simple sequence length polymorphism (SSLP) analyses showed
that Nanog iPS cells are largely of the DBA background but also have
some contribution from the C57BL/6 and 129S4 backgrounds
(Supplementary Fig. 3). This result is consistent with the genetic
background of the MEFs, which was 75% DBA, 12.5% C57BL/6
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Figure 2 | Generation of iPS cells from MEFs of Nanog-GFP-IRES-Puror

transgenic mice. a, Puromycin-resistant colonies. Puromycin selection was
initiated at 3, 5, or 7 days after retroviral transduction. Numbers indicate
GFP-positive colonies/total colonies. b, GFP fluorescence in resulting
colonies. Phase contrast (top row) and fluorescence (bottom row)
micrographs are shown. iPS cells were also generated from Fbx15-bgeo
knockin MEFs. c, Effect of increasing concentrations of puromycin.
Numbers of GFP-positive colonies/total colonies are shown on the right.
d, Morphology of established Nanog iPS cells (clone 20D17). Phase contrast
(left) and fluorescence (right) micrographs are shown.
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Figure 1 | Nanog-GFP-IRES-Puror transgenic mice. a, Modified BAC
construct. White boxes indicate the 59 and 39 UTRs of the mouse Nanog
gene. Black boxes indicate the open reading frame. b, GFP expression in
Nanog-GFP transgenic mouse embryos. Whole embryos (top panels) and
isolated genital ridges (bottom panels) from 13.5 d.p.c. mice are shown.
c, Histogram showing GFP fluorescence in cells isolated from genital ridges
of a 13.5 d.p.c. Nanog-GFP transgenic mouse embryo (left) or in MEFs
isolated from the same embryo (right).
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and 12.5% 129S4. This result also confirms that Nanog iPS cells are
not a contamination of ES cells that exists in our laboratory, which
are either pure 129S4 or C57BL/6.

We next compared the stability of Nanog iPS cells and Fbx15 iPS
cells (Supplementary Fig. 7). Cells were cultivated in the presence of
the selection drug for up to 22–26 passages. Morphologically, we did
not observe significant changes over the long-term culture course.
However, RT–PCR showed that Fbx15 iPS cells lost the expression of
ES cell marker genes after prolonged culture. By contrast, Nanog iPS
cells maintained relatively high expression levels of the ES cell marker
genes. These data demonstrate that Nanog iPS cells are more stable
than Fbx15 iPS cells.

We also compared the induction efficiency of Nanog iPS cells and
Fbx15 iPS cells. In independent experiments, we obtained 4–125
GFP-positive colonies from 8 3 105 Nanog-reporter MEFs trans-
fected with the four transcription factors. Because ,50% of trans-
fected MEFs are supposed to express all four factors8, the induction
efficiency is approximately 0.001–0.03%. In contrast, from the
same number of Fbx15-reporter MEFs, we obtained 47–1,800
G418-resistant colonies, with the induction efficiency of approxi-
mately 0.01–0.5%. Thus, the efficiency of Nanog iPS cell induction
is approximately one-tenth that of Fbx15 iPS cells.

We then compared the responses of Nanog iPS cells and Fbx15 iPS
cells to LIF or retinoic acid (Supplementary Fig. 8). As we have
shown previously8, Fbx15 iPS cells do not remain undifferentiated
when cultured without feeder cells, even in the presence of LIF.
Furthermore, Fbx15 iPS cells formed compact colonies when

cultured without feeder cells in the presence of retinoic acid. In
contrast, LIF maintained the undifferentiated state of Nanog iPS cells
cultured without feeder cells. Retinoic acid induced the differenti-
ation of Nanog iPS cells. Thus, Nanog iPS cells are similar to ES cells
in their response to LIF and retinoic acid.

Initially we used the T58A mutant of c-Myc to induce Nanog iPS
cells. We also tested wild-type c-Myc for Nanog iPS cell induction.
We obtained a similar number of colonies with both wild-type c-Myc
and the T58A mutant. Nanog iPS cells established with wild-type
c-Myc were indistinguishable from those established with the T58A
mutant with regards to morphology, gene expression (analysed
via microarrays), teratoma formation (Supplementary Fig. 2) and
stability under puromycin selection (Supplementary Fig. 9). With-
out puromycin selection, Nanog iPS cells induced by wild-type
c-Myc were more stable (Supplementary Fig. 9).
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Figure 3 | Characterization of Nanog iPS cells. a, Proliferation. ES cells,
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Figure 4 | Gene expression in Nanog iPS cells. a, RT–PCR. Total RNA was
isolated from six clones of Nanog iPS cells (clones 20D1, 20D2, 20D6,
20D16, 20D17 and 20D18), six clones of Fbx15 iPS cells (clones 1, 4, 5, 10, 15
and 16), MEFs and ES cells. b, Scatter plots showing comparison of global
gene expression between ES cells and Nanog iPS cells (right), and between ES
cells and Fbx15 iPS cells (left), as determined by DNA microarrays.
c, Expression levels of the four transcription factors. Total RNA was isolated
from six clones of Nanog iPS cells (clones 20D1, 20D2, 20D6, 20D16, 20D17
and 20D18), six clones of Fbx15 iPS cells (clones 1, 4, 5, 10, 15 and 16), MEFs
and ES cells. RT–PCR analyses were performed with primers that amplified
the coding regions of the four factors (Total), endogenous transcripts only
(Endo.), and transgene transcripts only (tg).
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Germline chimaeras from Nanog iPS cells

We next examined the ability of Nanog iPS cells to produce adult
chimaeras. We injected 15–20 male Nanog iPS cells (five clones with
the T58A mutant and three with wild-type c-Myc) into C57BL/6-
derived blastocysts, which we then transplanted into the uteri of
pseudo-pregnant mice. We obtained adult chimaeras from seven
clones (four clones with the T58A mutant and three with wild-type
c-Myc) as determined by coat colour (Fig. 6a and Supplementary
Table 1). SSLP analyses showed that Nanog iPS cells contributed to
various organs, with the level of chimaerism ranging from 10% to
90%. Chimeras from clone 20D17 showed highest iPS cell contri-
bution in the testes. From clone 20D18, we obtained only a few non-
chimaeric pups from infected blastocysts; thus, whether this clone
has competency for producing adult chimaeras remained to be deter-
mined. These data demonstrate that most Nanog iPS clones are com-
petent for adult chimaeric mice.

We then crossed three of the chimaeras from clone 20D17—for
which the highest iPS cell contribution was in the testes—with
C57BL/6 females. Whereas all F1 mice showed black coat colour, all
contained retroviral integration of the four transcription factors and
approximately half contained the GFP-IRES-Puror cassette (Fig. 6b),
indicating germline transmission. Furthermore, approximately half
of the F2 mice born from F1 intercrosses showed agouti coat colour,
confirming germline transmission of Nanog-iPS-20D17 (Fig. 6c).

We also examined germline competency for two other clones that
produced adult chimaeras. In one chimaeric mouse from Nanog-iPS-
38C2 cell line, PCR analysis detected iPS cell contribution in isolated
spermatozoa (Fig. 6d), suggesting that germline competency is not
confined to clone 20D17. However, the iPS cell contribution to
sperm of clone 38C2 is much smaller than that of clone 20D17,
and no iPS-cell-derived offspring were found for 119 mice born from
the cross between the 38C2 chimaera and C57BL/6 female mice.
Most male mice with a high degree of chimaerism from the
Nanog-iPS-38D2 cell line showed small testes and aspermatogenesis
(Supplementary Fig. 13). The testes of some chimaeras from Nanog-
iPS-38D2 contained mature sperm, but no iPS cell contribution was
detected by PCR (Fig. 6d).

Tumour formation by c-myc reactivation

Out of 121 F1 mice (aged 8–41 weeks) derived from the Nanog-iPS-
20D17 cell line, 24 died or were killed because of weakness, wheezing
or paralysis. Necropsy of 17 mice identified neck tumours (Sup-
plementary Fig. 10) in 13 mice and other tumours in five mice,
including two mice with neck tumours. Histological examination

of one neck tumour showed that it was a ganglioneuroblastoma with
follicular carcinoma of the thyroid gland (not shown). In these
tumours, retroviral expression of c-myc, but not Oct3/4, Sox2, or
Klf4, is reactivated (Supplementary Fig. 11). In contrast, transgene
expression of all four transcription factors remained low in normal
tissues, except for c-myc in muscle in one mouse (Supplementary Fig.
12). These data indicate that reactivation of c-myc retrovirus is attrib-
utable to tumour formation.

Discussion

Our results demonstrate that Nanog selection allows the generation
of high-quality iPS cells that are comparable to ES cells in morpho-
logy, proliferation, teratoma formation, gene expression and com-
petency for adult chimaeras. Nearly all Nanog iPS clones showed
these properties, indicating that Nanog is a major determinant of
quality in cellular pluripotency. However, germline competence
was variable among Nanog iPS clones, indicating the existence of
other important determinants of germline competency in addition
to Nanog. The high quality of Nanog iPS cells underscores the
possibility of using this technology to generate patient-specific plur-
ipotent stem cells. In a separate study, we found that germline-
competent iPS cells can also be obtained from adult mouse somatic
cells (T. Aoi and S.Y., unpublished data). The current study, however,
also reveals that reactivation of c-myc retrovirus may result in tumour
formation. There may be ways to overcome this problem. Strong
silencing of the four retroviruses in Nanog iPS cells indicates that
they are only required for the induction, but not the maintenance, of
pluripotency. Therefore, the retrovirus-mediated system might be
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eventually replaced by transient expression, such as the adenovirus-
mediated system. Alternatively, high-throughput screening of chem-
ical libraries might identify small molecules that can replace the four
genes. These are crucial research areas in order to apply iPS cells to
regenerative medicine.

We found that the efficiency of Nanog iPS cell induction is less
than 0.1%. The low efficiency suggests that the origin of iPS cells
might be rare stem cells co-existing in MEF culture. Alternatively,
activation of additional genes by retroviral integration might be
required for iPS cell generation in addition to the four transcription
factors. This is relevant to the fact that we have been able to obtain iPS
cells only with retroviral transduction. Identification of such fac-
tor(s) may lead to the generation of iPS cells with higher efficiency,
and without the need for retroviruses.

METHODS SUMMARY
To generate Nanog-reporter mice, we isolated a BAC clone containing the mouse
Nanog gene in its centre. By using the RED/ET recombination technique (Gene

Bridges), we inserted a GFP-IRES-Puror cassette into the 59 UTR of the mouse

Nanog gene. We introduced the modified BAC into RF8 ES cells by electropora-

tion26. We then microinjected transgenic ES cells into C57BL/6 blastocysts to

generate Nanog-reporter mice containing the modified BAC. MEFs were iso-

lated from 13.5 d.p.c. male embryos after removing genital ridges. Generation of

Nanog iPS cells was performed as described8, except that puromycin was used

instead of G418 as a selection antibiotic. Retroviruses (pMXs) were generated

with Plat-E packaging cells27. RF8 ES cells26 and iPS cells were cultured on SNL

feeder cells28. Analyses of iPS cells, such as RT–PCR, real-time PCR, bisulphite

genomic sequencing, SSLP analyses, DNA microarrays, teratoma formation, and

microinjection into C57BL/6 blastocysts, were performed as described8.

Contribution of iPS cells in chimaeric mice was determined by PCR for the

SSLP marker D6Mit15.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Cell culture. RF8 ES cells (129S4 background)26 and iPS cells were maintained in

ES medium (DMEM containing 15% FCS, 13 NEAA, 1 mM sodium pyruvate,

5.5 mM 2-ME, 50 units ml21 penicillin and 50 mg ml21 streptomycin) on feeder

layers of mitomycin-C-treated SNL cells into which we had stably incorporated

the puromycin-resistance gene. As a source of LIF, we used conditioned medium

from Plat-E cell cultures that had been transduced with a LIF-expressing vector.

Plat-E cells27, which were also used to produce retroviruses, were maintained in

DMEM containing 10% FCS, 50 units ml21 penicillin, 50 mg ml21 streptomycin,

1 mg ml21 puromycin and 10 mg ml21 blasticidin S.

For MEF isolation, we used 13.5 d.p.c. male embryos. After the removal of the

head, visceral tissues and gonads, the remaining bodies were washed and dis-

sociated with trypsin. Ten-million cells were plated on each gelatin-coated 100-

mm dish and incubated at 37 uC with 5% CO2. The next day, floating cells were

removed by washing with PBS. In this study, MEFs were used within passage 5 to

avoid replicative senescence.

BAC modification. A mouse BAC clone containing the Nanog gene, RP23-

117I23, was purchased from BACPAC Resources. Modification of the BAC
was performed using the RED/ET recombination technique (Gene Bridges),

which is based on homologous recombination using inducible RecET recom-

bination machinery. The reporter cassette was made by ligating a GFP-IRES-

Puror fragment with a PGK-hygro-FRT cassette (Gene Bridges) that contains a

prokaryotic promoter and hygromycin-resistance gene flanked by FRT sites.

Homology arms for the Nanog 59 UTR were attached to both ends of the reporter

cassette by PCR amplification using the following primers: BAC-NanogGFP-F

(59-TTTGCATTAGACATTTAACTCTTCTTTCTATGATCTTTCCTTCTAGA-

CACGCCACCATGGTGAGCAAGGGCGAG-39) and BAC-NanogR (59-GCG-

AGGGAAGGGATTTCTGAAAAGGTTTTAGGCAACAACCAAAAAACTCACT-

GGCAGTTTATGGCGGGCGTCCT-39). Escherichia coli carrying the BAC was

transformed with a RED/ET expression plasmid, pSC101-BAD-gbaA, and recom-

bination with the reporter cassette was subsequently induced. Successfully recom-

bined colonies were identified by screening for hygromycin resistance followed by

PCR analysis to ensure homologous recombination. The hygromycin cassette was

excised by transformation into a Flp-recombinase expression bacterium, 294-Flp

(Gene Bridges).

Establishment of Nanog-reporter mice. The modified BAC was linearized by
NotI digestion, and 10 mg of the DNA was introduced into RF8 ES cells by

electroporation26. After 2 days, selection was started with 1.5mg ml21 puromy-

cin. Resistant colonies were picked after 9 days of selection. Four genomic inte-

grated clones were used for blastocyst injection, and we established two lines of

Nanog reporter mice: 2A2 and 2C1. Both mice exhibited the same expression

pattern. Mice from the 2A2 line were used for iPS cell induction.

iPS cell induction. iPS induction was performed as described previously8 with

some modifications. Briefly, MEFs were isolated from 13.5 d.p.c. embryos from

Nanog-reporter male mice (50% DBA, 25% C57BL/6 and 25% 129S4) and

female wild-type mice (DBA). Plat-E cells were seeded at 8 3 106 cells per 100-

mm dish. On the next day, 9mg of pMXs-based retroviral vectors for Oct3/4,

Sox2, Klf4, or c-Myc were independently introduced into Plat-E cells using 27 ml

of FuGENE 6 transfection reagent. After 24 h, the medium was replaced with

10 ml of DMEM containing 10% FCS. MEFs were seeded at 8 3 105 cells per 100-

mm dish covered by feeder cells. On the next day, virus-containing supernatants

from these Plat-E cultures were recovered and filtered through a 0.45-mm cel-

lulose acetate filter. Equal volumes of the supernatants were mixed and supple-

mented with polybrene at the final concentration of 4 mg ml21. MEFs were
incubated in the virus/polybrene-containing supernatants for 24 h. Three days

after infection, the medium was changed with ES medium supplemented with

LIF. For Fbx15 iPS cell selection, we added G418 (Geneticin from Invitrogen) at a

final concentration of 0.3 mg ml21. For Nanog iPS cells, we added puromycin

(Sigma) at a final concentration of 1.5mg ml21, unless indicated otherwise.

Established iPS cells were maintained in the presence of the corresponding

selection drug. Teratoma formation, RT–PCR analysis, Bisulphite sequence

and SSLP analysis were performed as previously described8.

DNA microarray. Total RNA from Fbx15-null MEFs (duplicate), Fbx15-null ES

cells (duplicate), Fbx15 iPS cells (clone MEF4-78, duplicate), or Nanog iPS cells

(clones 20D -2, 16, 17, and 18) were labelled with Cy3. Samples were hybridized

to a Mouse Oligo Microarray (Agilent) according to the manufacturer’s pro-

tocol. Arrays were scanned with a G2565BA Microarray Scanner System

(Agilent). Data were analysed using GeneSprings GX software (Agilent). We

excluded genes for which their value fluctuated more than twofold between

duplicated analyses.
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