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Abstract
Reprogramming differentiated human cells to induced pluripotent stem (iPS) cells has applications
in basic biology, drug development, and transplantation. Human iPS cell derivation previously
required vectors that integrate into the genome, which can create mutations and limit the utility of
the cells in both research and clinical applications. Here we describe the derivation of human iPS
cells using non-integrating episomal vectors. After removal of the episome, iPS cells completely free
of vector and transgene sequences are derived that are similar to human embryonic stem (ES) cells
in proliferative and developmental potential. These results demonstrate that reprogramming human
somatic cells does not require genomic integration or the continued presence of exogenous
reprogramming factors, and removes one obstacle to the clinical application of human iPS cells.

The proliferative and developmental potential of both human ES cells and human iPS cells
offer unprecedented access to the differentiated cells that make up the human body (1–3). In
addition, iPS cells can be derived with a specific desired genetic background, including patient-
specific iPS cells for disease models and for transplantation therapies, without the problems
associated with immune rejection. Reprogramming of both mouse and human somatic cells
into iPS cells has been achieved by expressing combinations of factors such as OCT4, SOX2,
c-Myc, KLF4, NANOG, and LIN28 (2–4). Initial methods used to derive human iPS cells
employed viral vectors, where both the vector backbone and transgenes are permanently
integrated into the genome (2,3). Such vectors can produce insertional mutations that interfere
with the normal function of iPS cell derivatives, and residual transgene expression can
influence differentiation into specific lineages (2), or even result in tumorigenesis (5). Vector
integration-free mouse iPS cells have been derived from liver cells with adenoviral vectors
(6), and from embryonic fibroblasts with repeated plasmid transfections (7), but the low
frequencies obtained make it unclear how practical these approaches will be for human cells,
which generally require longer exposure to reprogramming factors (2,3).
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While this manuscript was in review, two alternative approaches were described to remove
transgenes from mouse or human iPS cells. In one approach, Cre/LoxP recombination was
used to excise integrated transgenes (8,9). This approach successfully removes transgene
sequences, but leaves behind residual vector sequences, which can still create insertional
mutations. A second approach used seamless excision of piggyBac transposons to produce
vector and transgene-free mouse iPS cells (10). Although a promising approach, vector removal
from human iPS cells produced by this method has not yet been reported, and removing
multiple transposons is labor intensive. Here, we report that human iPS cells completely free
of vector and transgene sequences can be derived from fibroblasts by a single transfection with
oriP/EBNA1 (Epstein-Barr nuclear antigen-1)-based episomal vectors.

Derived from the Epstein-Barr virus, oriP/EBNA1 vectors are well suited for introducing
reprogramming factors into human somatic cells, as these plasmids can be transfected without
the need for viral packaging, and can be subsequently removed from cells by culturing in the
absence of drug selection. The stable extrachromosomal replication of oriP/EBNA1 vectors in
mammalian cells requires only a cis-acting oriP element (11) and a trans-acting EBNA1 gene
(12). The oriP/EBNA1 vectors replicate only once per cell cycle, and with drug selection can
be established as stable episomes in about 1% of the initial transfected cells (13,14). If drug
selection is subsequently removed, the episomes are lost at ~5% per cell generation due to
defects in plasmid synthesis and partitioning; thus, cells devoid of plasmids can be easily
isolated (15).

OCT4, SOX2, NANOG, and LIN28 are sufficient to reprogram human embryonic, neonatal,
and adult fibroblasts to iPS cells (2,16), but the reprogramming efficiency is low (<0.01% for
newborn foreskin fibroblasts) (2). Such low efficiency makes it difficult to reprogram with
oriP/EBNA1-based vectors since the stable transfection efficiency is almost two orders of
magnitude less than that of our lentiviral vectors (2). Thus, we first improved reprogramming
efficiency with lentiviral vectors. By testing different linkers to coexpress OCT4 and SOX2,
we found that the internal ribosome entry site 2 (IRES2) supported higher reprogramming
efficiency (fig. S1A and B). Since linkers have less effect on reprogramming efficiency when
used to coexpress NANOG and LIN28 (fig. S1B), IRES2 was chosen to coexpress
reprogramming factors. Using IRES2-mediated expression of OCT4, SOX2, NANOG, and
LIN28, the reprogramming efficiency for human foreskin fibroblasts improved about tenfold
(~0.1%) over what we previously reported (fig. S1C). The addition of c-Myc and KLF4 further
improved the reprogramming efficiency to over 1%, the highest efficiencies we have achieved
for these cells (fig. S1C) (17). Thus, we cloned all six reprogramming factors (OCT4, SOX2,
NANOG, LIN28, c-Myc, and KLF4) into an oriP/EBNA1 vector using IRES2 for coexpression.
Since our previous experience suggested that both the balance between transgenes and their
absolute expression levels are critically important to achieving reprogramming, we tested
different transgene arrangements to achieve appropriate levels empirically (table S1).

Initial tests with the six reprogramming genes in the episomal vectors failed to yield human
iPS cell colonies (table S2). With this combination of genes, substantial cell death was observed
during the first week following transfection, possibly due to the toxic effects of high level c-
Myc expression (18). In an attempt to counteract the possible toxic effects of c-Myc expression,
we included the SV40 large T gene (SV40LT) in some of the combinations (19). Three of these
combinations, all of which included OCT4, SOX2, NANOG, LIN28, c-Myc, KLF4, and
SV40LT, were successful in producing iPS cell colonies from human foreskin fibroblasts using
oriP/EBNA1-based vectors (Fig. 1A, fig. S2D and table S2). At least two plasmids in each
successful combination express OCT4 and SOX2, consistent with the observation that high
level expression of these transgenes improves reprogramming. Clones from two of these
combinations (19 from experiment 3 and 6 from experiment 4, Table S2) were chosen for
expansion and analysis. These iPS cell colonies exhibited typical human ES cell morphology
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(e.g., compact colonies, high nucleus-to-cytoplasm ratios, and prominent nucleoli) (Fig. 1B),
and exhibited gene expression profiles that were very similar to human ES cell lines, but
dissimilar to the parental fibroblasts (Fig. 1C and table S3). Similar to human ES cells, when
injected into immunocompromised mice, these iPS cells formed teratomas consisting of
differentiated derivatives of all three primary germ layers (Fig. 1D). PCR analysis failed to
detect episomal vector integration in the genome, but did detect their persistence in the episomal
fraction (Fig. 1E). The persistence of the episomal vectors suggests a requirement for prolonged
transgene expression for successful reprogramming.

Since oriP/EBNA1 episomal vectors are gradually lost from proliferating cells in the absence
of selection, we performed subcloning to derive iPS cell clones that had spontaneously lost the
episomal vectors. We chose one iPS cell clone derived with combination 6 (iPS-DF6-9) and
another one with combination 19 (iPS-DF19-9), and isolated 12 subclones from each. Over
one third of the subclones lost their episomal vectors (fig. S3A). We expanded two subclones
from each vector combination for detailed analysis (iPS-DF6-9 subclone 9T and 12T, iPS-
DF19-9 subclone 7T and 11T). RT-PCR analysis with transgene-specific primers failed to
detect any residual transgene expression in any of the four iPS cell subclones (Fig. 2A). In
contrast to the parental iPS cell clones, PCR analysis demonstrated the absence of the vector
and transgene sequences in both the genomic and the episomal fractions of all four iPS cell
subclones (Fig. 2B), which was confirmed by Southern blot analysis (Fig. 2C and fig. S3B).

The iPS cell subclones were morphologically similar to human ES cells (Fig. 3A); had normal
karyotypes (Fig. 3B); expressed human ES cell-specific cell surface markers (Fig. 3D) and
genes (Fig. 4A, 4B, fig. S4, and table S4); and differentiated into derivatives of all three germ
layers in teratomas (Fig. 4C). Both the OCT4 promoter and the NANOG promoter were
demethylated in these iPS cells, similar to human ES cells and in contrast to the parental
foreskin fibroblasts (Fig. 3C). As of this writing, combination 19 iPS cells have been in
continuous culture for 7 months after the initial fibroblast transfection and have demonstrated
no period of replicative crisis. DNA fingerprinting confirmed their origin from foreskin
fibroblasts (table S5).

With oriP/EBNA1-based episomal vectors, exogenous DNA is not integrated into the human
iPS cell genome, and due to the gradual loss of cellular episomal vectors in the absence of drug
selection, vector and transgene-free human iPS cells can be isolated through subcloning
without further genetic manipulation. Similar to mouse studies using non-integrating
reprogramming methods (6,7), the current reprogramming efficiency of human fibroblasts with
oriP/EBNA1 vectors is low (~3 to 6 colonies/106 input cells). These frequencies are, however,
sufficient to recover iPS cells from a reasonable number of starting cells, and fibroblasts are
easy to obtain and culture. Since different cell types have different reprogramming frequencies
(20), and oriP/EBNA1-based vectors are established as stable episomes at different frequencies
in different cell types (13), it might be possible to identify another accessible human cell type
more easily reprogrammed with these episomal vectors. The addition of chemical compounds
that increase reprogramming efficiency might also facilitate reprogramming by these episomal
vectors (21,22). Given the rapid pace of the iPS cell field, it is likely that reprogramming
efficiencies will improve significantly, and that it soon will be possible to derive vector and
transgene-free human iPS cells by several alternative methods. However, it will be essential
to determine which of these methods most consistently produces iPS cells with the fewest
genetic or epigenetic abnormalities, because any abnormalities would impact the application
of these cells in basic research, drug development, and transplantation therapies much more
than the initial reprogramming frequencies. Substantial challenges also remain in cell-specific
differentiation and delivery, but the derivation of vector and transgene-free human iPS cells is
nonetheless an important advance towards the clinical application of these cells.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Reprogramming human foreskin fibroblasts without genomic vector integration. (A) Episomal
vectors (combination 19 from experiment 3, Table S2). pEF: the eukaryotic elongation factor
1α promoter; pCMV: the cytomegalovirus immediate-early promoter. Transgenes and other
features of vectors are indicated by red and green arrows respectively. (B) Bright-field image
of iPS cells obtained by transfection of combination 19 episomal vectors (clone DF19-9:
“Defined Factor” combination 19, and clone 9). Scale bars, 0.1 mm. (C) Pearson correlation
analyses of global gene expression (51,337 transcripts) in human fibroblast-derived iPS cell
clones (combination 19). 1-PCC: Pearson Correlation Coefficient. (D) Hematoxylin and eosin
staining of teratoma sections of iPS cell clone DF19-9 (53 days after injection). Teratomas
were obtained from all ten iPS-DF19 clones. Scale bars, 0.1 mm. (E) PCR analysis of episomal
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DNA in iPS-DF19 clone 1 to 10. G: genomic DNA template; E: episomal DNA template.
Genomic and episomal DNA from nontransfected and combination 19 episomal vector-
transfected (day 17 posttransfection) fibroblasts were used as negative (−) and positive (+)
controls respectively. 32 PCR cycles were used for all primer sets.
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Fig. 2.
Human foreskin fibroblast-derived iPS cells free of vectors and transgenes. (A) RT-PCR
analysis of transgene expression in iPS-DF6-9 subclone 9T and 12T, and iPS-DF-19-9
subclone 7T and 11T. Negative control (−): fibroblasts. Positive control (+): fibroblasts
transfected with combination 19 episomal vectors (day 4 posttransfection). 32 PCR cycles were
used for all primer sets. (B) PCR analysis of episomal DNA in iPS-DF6-9 (P: parental clone),
iPS-DF6-9 subclone 9T and 12T, iPS-DF19-9 (P), and iPS-DF19-9 subclones 7T and 11T. G:
genomic DNA template; E: episomal DNA template. Negative (−) and positive (+) controls
were the same as in Fig. 1E. 32 PCR cycles were used for all primer sets except OCT4endo
(28 cycles). (C) Southern blot analysis of exogenous DNA in iPS-DF6-9 and iPS-DF-19-9
subclones. The pCEP4 vector was used as a probe to detect the presence of vector backbone,
and the open reading frames of OCT4 and SOX2 were used as probes to examine both the
endogenous gene and possible transgenes. 1: iPS-DF6-9-9T; 2: iPS-DF6-9-12T; 3: iPS-
DF19-9-7T; 4: iPS-DF19-9-11T; F: foreskin fibroblasts. E: undigested episomal DNA; G:
digested genomic DNA. Combination 19 episomal vector DNA diluted to the equivalents of
0.2 and 1 integration per genome was used as positive controls (0.2x and 1x).
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Fig. 3.
Characterization of iPS cell subclones. (A) Bright-field image of iPS-DF6-9-12T. Scale bar,
0.1 mm. (B) G-banding chromosome analysis of iPS-DF6-9-12T. (C) Analysis of the
methylation status of the OCT4 and NANOG promoters in iPS cell subclones using bisulfite
sequencing. Open circles indicate unmethylated, and filled circles indicate methylated CpG
dinucleotides. (D) Flow cytometry expression analysis of human ES cell-specific cell surface
markers. Gray line: isotype control; black line: antigen staining.
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Fig. 4.
Characterization of iPS cell subclones. (A) Pearson correlation analyses of global gene
expression (51,337 transcripts) in iPS cell parental clone DF6-9 and DF19-9; iPS cell subclone
DF6-9-9T, DF6-9-12T, DF19-9-7T, and DF19-9-11T; five human ES cell lines; foreskin
fibroblasts. 1-PCC: Pearson Correlation Coefficient. (B) Expression of genes that are
differentially expressed between human ES cells and foreskin fibroblasts. Top panel: 30 well-
known human ES cell-enriched genes; bottom panel: top 25 foreskin fibroblast-enriched genes.
The color key is shown on the left. (C) Hematoxylin and eosin staining of teratoma sections
of iPS-DF19-9-11T (7 weeks after injection). Teratomas were obtained from all four iPS cell
subclones. Scale bars, 0.1 mm.
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