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Abstract

Due to the risk of insertional mutagenesis, viral transduction has been increasingly replaced by non-
viral methods to generate induced pluripotent stem (iPS) cells. One technique that has not yet been
explored is the use of “minicircle” DNA, a novel compact vector that is free of bacterial DNA and
capable of persistent high level expression in cells. Here, we report the use of a single minicircle
vector to generate transgene-free iPS cells from adult human cells.
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Non-viral methods for generating iPS cells using adenovirus?, plasmids?, or excision of
reprogramming factors using Cre/LoxP3:4 or piggyBAC transposition® have been reported, but
in general are restricted to mouse, suffer from low reprogramming efficiencies (<0.003%), and
may leave behind residual vector sequences. Recently, successful reprogramming of human
neonatal foreskin fibroblasts was reported using episomal vectors derived from the Epstein-
Barr virus6. However, this technique required three individual plasmids carrying a total of
seven factors, including the oncogene SV40, and has not been shown to successfully reprogram
cells from adult donors, a more clinically-relevant target population. Further, expression of the
EBNAL protein, as was required for this technique, may increase immune cell recognition of
transfected cells7, thus potentially limiting clinical application if the transgene is not
completely removed. Protein-based iPS cell generation in mouse8 and human9 fetal and
neonatal cells has also been published, but required either chemical treatment (valproic acid)
8 or greater than four rounds of treatment9. Lastly, protein-based methods necessitate expertise
in protein chemistry and handling-skills that many laboratories do not have. Most DNA-based
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methods require only minimal molecular biology background, and so remain a more attractive
option for a wider population of researchers interested in cellular reprogramming.

Compared to plasmids, minicircle DNA benefits from higher transfection efficiencies and
longer ectopic expression due to its lower activation of exogenous silencing mechanisms10
11 and thus may represent an ideal mechanism for generating iPS cells. We constructed a
plasmid (P2PhiC31-LGNSO) that contained a single cassette of four reprogramming factors
(Oct4, Sox2, Lin28, Nanog) plus a green fluorescent protein (GFP) reporter gene, each
separated by selfcleavage peptide 2A sequences'213 (Supplementary Fig. 1a,b). We next took
advantage of the PhiC31-based intramolecular recombination system that allows the plasmid
backbone to be excluded and degraded in bacteria, and the minicircle to be purified and isolated
as described0:11 (Supplementary Fig. 1c). Expression of individual protein factors was
validated in 293FT cells (Supplementary Fig. 2). To determine the reprogramming ability of
the minicircle vector, we chose to induce pluripotency in human adipose stem cells (hASCs).
hASCs have a number of advantages over other somatic cell types such as fibroblasts since
they can be isolated in large quantities (100 ml of human adipose tissue yields about 1 x 10°
cells) with minimal morbidityl4. Furthermore, quantitative PCR (qPCR) of hASCs revealed
3-4 times higher relative expression of KIf4 compared to human ES cells, and ~1.3 higher
relative expression of c-Myc (Supplementary Fig. 3).

Using hASCs derived from three adult patients, we introduced the minicircle vector into cells
using nucleofection and achieved 10.8+1.7% GFP-positive cells, compared to only 2.7+0.8%
using a standard plasmid carrying the same expression cassette (Supplementary Fig. 4). The
GFP-positive cell population was enriched 72h post-transfection by flow cytometetry, and then
seeded on inactivated mouse embryonic fibroblast (MEF) feeder layers. Due to the dilution of
minicircle vector with proliferation, we observed gradual loss of GFP expression in cells that
was concurrent with activation of endogenous Oct4 expression (Supplementary Fig. 5).
Additional transfections at days 4 and 6 with the minicircle vector were performed to
supplement this loss of transgene expression. Importantly, compared to standard plasmids that
carry a GFP/firefly luciferase reporter gene, minicircle DNA with the same reporter gene
maintains higher expression for a longer period of time in hASCs, as confirmed by photon
counts and gPCR (Supplementary Fig. 6). Thus, we believe minicircle DNA is a more robust
gene expression platform compared to regular plasmid.

On days 14-16, we observed GFP-positive clusters that had morphologic similarities with
human ES cell colonies (Fig. 1a). Many clusters showed no GFP expression at all, suggesting
loss of transgene expression, and these were isolated for further analysis. Minicircle-derived
iPS cell (mc-iPS cell) colonies stained positive for embryonic markers (Fig. 1b,c), and exhibited
reactivation of endogenous Oct4, Sox2, and Nanog genes (Fig. 1d,e). Global gene expression
profiling of mc-iPS cell subclones demonstrated a high degree of similarity with human ES
cells (Fig. 1f), as well as with iPS cells derived using both lentiviral and non-viral vectors
(Supplementary Fig. 7). Importantly, Southern blot analysis did not detect genomic integration
of the minicircle transgene in the subclones (Fig. 1g, see Supplementary Fig. 8 for probe
sensitivities). Finally, mc-iPS cells had normal diploid karyotype (Fig. 1h). The pluripotency
of mc-iPS cells was examined both in vitro through the formation of embryoid bodies (EBs),
and in vivo by teratoma formation. EBs expressed genes of all three embryonic germ layers
(Fig. 2a) and formed multi-lineage cell types (Fig. 2b, Supplementary Fig. 9, Supplementary
Video 1). Lastly, subcutaneous injection of each of the three mc-iPS subclones into
immunodeficient mice resulted in a teratoma (Fig. 2c).

In total, we successfully derived 22 mc-iPS cell colonies from hASCs that had been isolated
from three adult donors, yielding an overall reprogramming efficiency of ~0.005% with
minicircle DNA. As with other integration-free iPS cell generation approaches, this efficiency
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is low compared to viral-based methods, which have typically been reported to be ~0.01%
15717. Our efficiency with minicircle DNA was still higher than previous plasmid-based
transfection reprogramming methods2:%, though this may be due in part to differences in donor
cell types (neonatal fibroblasts vs. hASCs) and the number of reprogramming factors that were
used. To address this, we transfected IMR90 neonatal fibroblast with the minicircle vector and
were able to create iPS cells, though with 10-fold less efficiency (Supplementary Table 1).
Notably, we were unable to generate iPS cells using regular plasmid vector (data not shown).
As stated previously, we believe this is due to the higher transfection efficiency, and stronger
and more persistent expression, of minicircle DNA in cell cultures.

As the reprogramming field moves from basic science towards clinical translation, efficient
derivation of iPS cells that are free of foreign or chemical elements is absolutely critical. Here,
we describe a simple method for generating transgene-free iPS cells from adult donor sources,
and that requires only a single vector without the need for subsequent drug selection or vector-
excision, or inclusion of oncogenes such as SV40. With its basic molecular principles and
straightforward protocol, minicircle DNA is ideally suited for facilitating iPS cell research
around the world. Finally, the minicircle DNA is already FDA approved, giving our novel
method the potential for significant clinical translation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of iPS cells with minicircle vector

a, Representative day 18 cluster of mc-iPS cells. The cluster shown here exhibited transgene
expression, as seen by GFP detection. GFP-negative colonies were isolated for further analysis.
b, mc-iPS cells are positive for alkaline phosphatase, ¢, immunostain for common embryonic
markers, and d, express embryonic genes, including reactivation of endogenous Oct4, Sox2,
Nanog and Lin28. As negative control, 293FT cells were transfected with the minicircle vector
(293-MC) but did not express the same endogenous genes. (Note: H9 is the H9 human ES cell
line. iPSC-1s denotes a mc-iPS cell colony subclone derived from Donor 1, iPSC-2s subclone
from Donor 2, etc). e, Bisulfate sequencing shows hypomethylation within the promoters of
Oct4 and Nanog in the three mc-iPS cell subclones. f, Microarray data. Upper panel, heat map
showing two mc-iPS cell subclones are similar to H7 human ES cells and distinct from hASCs.
Lower panel, scatter plots highlighting Oct3/4, Sox2, and Nanog expression (red arrows).
Green lines indicate 5-fold changes in expression levels between paired samples (iPSC
represents the average of both subclones). g, Southern blot analysis of genomic DNA confirms
that mc-iPS subclones are transgene free, as determined by the number of copies of Oct4 and
Sox2. As positive control, lentivirallyreprogrammed iPS cells from the James Thomson lab
(JT-iPSC) exhibited multiple bands for each of the two genes. h, mc-iPS cells (passage 5) had
normal diploid karyotype.
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Figure 2. Pluripotency of mc-iPS cells

a, RT-PCR analysis of pluripotent markers (Oct4, Nanog and Rex1) and various differentiation
markers for the three germ layers (ectoderm: Sox1, Pax6; mesoderm: Brachyury, FIk1;
endoderm: Sox17, INF3pB). Undifferentiated (U) mc-iPS cells; differentiated (D) mc-iPS cells
after 8 days suspension culture followed by 8 days adherent culture. b, Multiple cell types were
differentiated from mc-iPS cells. See Supplementary Figure 9 and Supplementary Video 1 for
further characterization. ¢, Subcutaneous injection of mc-iPS cells causes teratomas in SCID
mice consisting of all three embryonic germ layers, including epithelial cells (ectoderm),
cartilage (mesoderm), and glandular structures (endoderm). Tissue sections from subclone mc-
iPSC-1s are shown as representative.
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