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Abstract

In spite of considerable interest in the field, reprogramming induced pluripotent stem cells (iPSCs) directly from
cancer cells has encountered considerable challenges, including the extremely low reprogramming efficiency
and instability of cancer-derived iPSCs (C-iPSCs). In this study, we aimed to identify the main obstacles that
limit cancer cell reprogramming. Through a detailed multidimensional kinetic optimization, a highly optimized
protocol is established for reprogramming C-iPSCs using nonviral plasmid vectors. We demonstrated how the
initial cancer cell density seeded could be the most critical factor ultimately affecting C-iPSCs reprogramming.
We have consistently achieved an unprecedented high C-iPSC reprogramming efficiency, establishing stable
colonies with typical iPSC morphology, up to 50% of which express the iPSC phenotypic (Oct3/4, Sox2,
Nanog) and enzymatic (alkaline phosphatase) markers. Furthermore, established C-iPSC lines were shown to be
capable of forming teratomas in vivo, containing cell types and tissues from each of the embryonic germ layers,
fully consistent with their acquisition of pluripotency. This protocol was tested and confirmed in two completely
unrelated human lung adenocarcinoma (A549) and mouse melanoma (B16f10) cancer cell lines and thus offers
a potentially valuable method for generating effectively virus-free C-iPSCs for future applications.

Introduction

The successful demonstration of reprogramming
somatic adult cells to acquire a stem cell–like plur-

ipotency through ectopic expression of a few defined tran-
scription factors has opened up a new era across many
medical and biological fields (Chun et al., 2010; Ramos-
Mejia et al., 2012; Shafa et al., 2012; Sharkis et al., 2012;
Takahashi and Yamanaka, 2006; Yu et al., 2007). As a
new-horizon discovery, these induced pluripotent stem cells
(iPSCs) not only have changed conceptually our basic under-
standing in terms of developmental biology but also hold great
promise in the areas of regenerative medicine, transplantation,
oncology, and tumor immunology. For cancer research, at-
tempts have also been made to induce iPSCs directly from
tumor cells (C-iPSCs). This may help to reveal a possible link
between pluripotency and oncogenic transformation, hence a
better understanding of the oncogenic mechanisms or even the
fundamental cause of malignancy (Ramos-Mejia et al., 2012).

It may also contribute to the development of novel therapeu-
tic options for cancer treatment, e.g., dendritic cells derived
from specific C-iPSCs as antigen-presenting cells for tumor
vaccine development in the future.

For reprogramming iPSCs from normal somatic adult
cells, many different methods have been developed and
tested on a variety of cell types in recent years. These ex-
perimental protocols, on the basis of their vector types, can
be broadly classified as viral and nonviral approaches. In
general, the use of viral vectors has achieved a relatively
higher reprogramming efficiency (although widely variable,
0.05–11.8%) (Dewi et al., 2012). The main concern is that
such vectors could potentially alter endogenous genomic
construction and may even increase the risk of tumorigen-
esis by introducing additional mutations that might con-
found any insights gained into the original events that caused
transformation.

Furthermore, the safety concern of using viruses is a
significant hurdle for clinical applications. To overcome this
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issue, the use of nonintegrating viruses as the vector
(Stadtfeld et al., 2008) and alternative virus-free methods
(plasmid DNA, synthetic modified mRNA, or cell-penetrating
peptides) (Kaji et al., 2009; Okita et al., 2010; Okita et al.,
2008; Zhou et al., 2009; Zhu et al., 2010), have subsequently
been developed. Among them, a protocol for reprogram-
ming mouse embryonic fibroblasts (MEFs) into iPSCs by
transfection using nonviral plasmid vectors encoding four
essential transcription factors (Oct-3/4, Sox2, Klf4, and
c-Myc) has recently been described (Okita et al., 2008).
Although its relatively low reprogramming efficiency may
still be a disadvantage, significant improvement can be
achieved following multiple repeated transfections (Okita
et al., 2008;Okita et al., 2010).

However, despite considerable interest in the field, only a
few reports to date have demonstrated successful repro-
gramming of malignant cells to pluripotency, all of which
adopt the viral approach (lentivirus or retrovirus) (Carette
et al., 2010; Dewi et al., 2012; Lin and Chui, 2012; Lin
et al., 2008; Miyoshi et al., 2010; Nagai et al., 2010). Thus,
the generation of cancer-derived iPSCs remains a challenge,
and there are many hurdles still to be addressed. The main
issues, in addition to the captioned safety concern, include
reprogramming inefficiency and relative instability of the
resulting C-iPSCs (Ramos-Mejia et al., 2012).

The present study aimed to develop a highly optimized
method for reprogramming iPSCs directly from cancer cells
using the nonviral plasmid vector approach. To maximize
reprogramming efficiency, the underlying basis of the var-
iable susceptibility of different cancer cells to reprogram-
ming needs to be better understood. Due to the transformed
nature of cancer cells, conferring on them rapid and un-
controlled proliferation, cancer cells seeded at high density
can quickly become overconfluent. The growth of those
newly induced iPSC colonies at their initial low frequency
may be hindered by the majority of those nontransformed
parental tumor cells, particularly after the prolonged culture
time required for iPSC reprogramming. On the other hand, if
cells are seeded at too low a density, they may senesce,
being less amenable to reprogramming. Therefore, it is
important to understand the problems involved to remove
the barriers preventing efficient C-iPSC induction.

Using a protocol previously developed by Kaji et al.
(2009) for iPSCs induction from normal somatic adult cells
using the nonviral approach, we aimed to achieve its opti-
mization for efficient reprogramming of C-iPSCs in the
present study. A detailed kinetic analysis was carried out,
taking into account a combination of parameters considered
to be most critical for C-iPSCs induction. The efficiency for
cancer cell transfection and iPSC induction was found to be
critically dependent on the initial cell density seeded, ratio
of plasmid DNA (Oct-3/4, Sox2, Klf4, and c-Myc), as well
as transfection reagent concentrations [plasmid to transfec-
tion reagent (P:TR) ratio], and detailed time kinetics.

We tested and compared these parameters by repro-
gramming two very different cancer cell types, the human
lung adenocarcinoma (A549) and mouse melanoma (B16f10)
cell lines, respectively. We show here that although correct
timing and an optimized transfection reagent concentration/
ratio are very important kinetic factors to be considered, the
initial cancer cell density is the most critical determining
factor, which is also very much cancer cell type–dependent.

By developing a finely optimized protocol, we demonstrate
here that high frequencies (around 50%) of A549-iPSCs and
B16f10-iPSCs could be generated reliably, expressing a
combination of the enzymatic (alkaline phosphatase [AP])
and phenotypic (Oct-3/4, Sox2, Nanog) markers of iPSCs,
with typical iPSC morphology and long-term stability. The
pluripotency of our established C-iPSC lines has also been
further confirmed by their ability to form teratomas in vivo
in immunocompromised mice. We believe that the same
principles established in this study can be used to generate
virus-free iPSCs from other cancer cells or cell lines,
thereby providing a general protocol with widely applicable
potential for future studies.

Materials and Methods

Cell lines and maintenance

The A549 human alveolar adenocarcinoma cell line was
obtained from Invitrogen (cat. no. k1679), and maintained in
RPMI-1640 (Nakalai Tesque, Kyoto) containing 10% fetal
bovine serum (FBS). The B16f10 cell line was kindly pro-
vided by Dr. Jianguo Chai and Dr. Caroline Addey (Divi-
sion of Immunology and Inflammation, Imperial College,
London), and maintained in Dulbecco’s Modified Eagle
Medium (DMEM; Nakalai Tesque, Kyoto) containing 10%
FBS. Mouse embryonic fibroblast (MEF) feeder cells were
maintained in DMEM containing 10% FBS, penicillin/
streptomycin, l-glutamine, nonessential amino acids (NEAA),
sodium pyruvate, and 2-mercaptoethanol (2ME). The re-
programmed A549-iPSCs and B16f10-iPSCs were main-
tained in RPMI-1640 (Nakalai Tesque, Kyoto) and DMEM
(Nakalai Tesque, Kyoto), respectively, both of which con-
tained 15% KnockOut� Serum Replacement (Invitrogen/
Gibco), penicillin/streptomycin, l-glutamine, NEAA, so-
dium pyruvate, 2ME, and recombinant murine leukemia
inhibitory factor (rmLIF), in the case of the B16f10 C-iPSC
lines. All of the cell lines were maintained in cultures at
37�C and 5% CO2.

Plasmid vectors and transfection reagents

For the cell transfection experiments, three plasmid
vectors were obtained commercially. These included pCX-
OKS-2A (encoding Oct-3/4, Sox2, and Klf4) and pCX-
cMyc (encoding c-Myc) from Addgene (cat. no. 19771,
19772) for iPSC induction and pIRES2-EGFP from Clon-
tech (cat. no. 6029-1) for the assessment of cell transfection
efficiency. The other main components of the transfection
reagents used were Opti-MEM I Reduced Serum Medium
(Invitrogen, cat. no. 31985-062) and X-tremeGENE Trans-
fection Reagent (Roche, cat. no. 06366511001). For plasmid
purification, a QIAGEN plasmid kit was used according to
the standard protocol provided (QIAGEN, cat. no. 27106).

Initial assessment for cancer cell transfection
efficiency using the plasmid vectors

A protocol for cell transfection using the virus-free
plasmid vectors previously described by Okita et al. (2010)
was adopted, but modified for cancer cell transfection in the
present study. To optimize for transfection efficiency, an
initial assessment was carried out using the pIRES2-EGFP
plasmid encoding a fluorescent protein for tracking. Briefly,
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cancer cells were prepared in six-well plates containing
2 mL per well of fresh medium A549 or B16f10 (RPMI-
1640 or DMEM containing 10% FCS) respectively. To
prepare for the DNA/X-tremeGENE complexes, for each
well, 50 lL of Opti-MEM were transferred into a 1.5-mL
test tube. The pIRES2-EGFP plasmid was then added
(0.5 lg/0.5 lL), together with the X-tremeGENE Transfec-
tion Reagent (TR), at different P:TR ratios (1:1 to 1:6 in
volume). After gentle mixing and incubation for 20 min at
room temperature, the DNA/X-tremeGENE complex prep-
aration was added to the cancer cell cultures at a 1:1 ratio
and incubated overnight at 37�C, 5% CO2.

Following the transfection procedures, at different time
points, samples of the transfected cells were collected, wa-
shed with fluorescence-activated cell sorting (FACS) buffer
and analyzed by flow cytometry to detect and to quantify for
the frequency of green fluorescent protein–positive (GFP + )
cells. An all-in-one-type fluorescence microscope (BZ-8000;
Keyence, Osaka) with digital photographic capability was
used to visualize cells at several magnifications, and the
images were analyzed with Adobe Photoshop software. The
growth rates of the cultured cancer cell lines were measured
by counting the number of cells using Cell-Tac (Nihon
Koden, Tokyo).

C-iPSC induction

The transfection protocol optimized above was then
adopted to transfect A549 and B16f10 cancer cell lines for
iPSC induction using the pCX-OKS-2A and pCX-cMyc
plasmids. The cancer cells were seeded at a wide range of
different cell densities in six-well culture plates and trans-
fected with the pCX-OKS-2A and pCX-cMyc plasmids by
the established protocol. Moreover, to enhance the trans-
fection rate and to maintain the transgene expression, a total
of four cycles of repeated transfections were carried out at
48-h intervals as previously described for reprogramming of
somatic cells (Okita et al., 2008).

By day 10 after the first transfection, the transfected cells
were resuspended in 10 mL of culture medium containing
10% KnockOut� Serum Replacement, transferred to a
culture dish covered with feeder cells, and incubated further
at 37�C, 5% CO2. Medium changes were performed every
other day, and cell passages were made when the cells be-
came 80–90% confluent. By day 30, some iPSC-like colo-
nies were observable that were morphologically different
from their parental cancer cells under light microscopy. These
cells were then resuspended and transferred to gelatin-coated
plates and maintained in the culture medium containing 10%
KnockOut� Serum Replacement for a further period of 10–
30 days (i.e., days 40–60). Human iPSCs/embryonic stem
cells (ESCs), however, are known to survive poorly as single
cells (Lerou et al., 2008). The initial passage of new colonies
therefore had to be done mechanically, and several passages
(approximately five to ten) were required before the cells
could be adapted to enzymatic dissociation.

Following long-term culture, stable iPSC-like colonies
were observed forming sizeable cell clusters in the cultures.
These cell clusters in suspensions were then carefully col-
lected, purified, and transferred back to new 90-mm culture
dishes covered with feeder cells and cultured for a further 3
days at 37�C, 5% CO2. At this stage, the iPSC-like colonies

with more defined morphology could be observed in the
cultures. The cells were subsequently analyzed and their
expression of iPSC enzymatic and phenotypic markers
confirmed, as described below.

AP staining for initial iPSCs identification

The induction of iPSC-like cells was initially identified by
their expression of AP using the StemTAG� Alkaline
Phosphatase Staining Kit (Cell Biolabs, Inc). According to
the protocol, the cells were washed with phosphate-buffered
saline containing 0.05% Tween 20 (PBS-T), and fixed at
room temperature for 2 min in the fixative solution. After
two washes in PBS-T, freshly prepared substrate Stem-
TAG� Alkaline Phosphate Staining Solution was added and
incubated at room temperature for 30 min in the dark. The
stained cells were then washed twice with PBS and analyzed
by light microscopy. The numbers of AP + and AP - colo-
nies in 10 randomly selected views of each well were
counted twice under an inverted microscope (X-400;
Olympus, Japan) and shown as mean values and percentages
of the AP + colonies over the total numbers of colonies.

Flow cytometry analysis

Flow cytometry analysis was carried out throughout for
quantification and phenotypic analysis of the GFP-transfected
cells and the induced C-iPSCs. For phenotypic analysis,
the cells were stained with the BD Stemflow� human and
mouse Pluripotent Stem Cell Transcription Factor Analysis
Kits according to manufacturer’s recommendations (BD
Biosciences, cat. no. 560589, 560585). Briefly, single-cell
suspensions were prepared and fixed with the BD Cytofix
Fixation Buffer [4% paraformaldehyde (PFA)] and incu-
bated for 20 min at room temperature. The cells were wa-
shed twice with 1 · BD Perm/Wash Buffer and centrifuged
at 500 · g for 5 min. The fixed and permeabilized cells
(1 · 106 cells) were then resuspended and stained at room
temperature in the dark for 30 min with fluorescence-labeled
antibodies specific for human or mouse Oct-3/4, Sox2,
and Nanog. These included PE-mouse-anti-human Nanog,
PerCP-Cy�5.5 mouse-anti-human Oct-3/4, and Alexa
Fluor� 647-mouse-anti-human Sox2; and PE-mouse-anti-
mouse Nanog, PerCP-Cy�5.5-mouse-anti-mouse Oct-3/4,
and Alexa Fluor� 647-mouse-anti-mouse Sox2 (BD Bio-
sciences). Control samples consisted of cells stained with re-
spective isotype-matched control antibodies. After washes in
1 · Perm/Wash buffer, the cells were resuspended in the
staining buffer (FBS) for FACS analysis using a flow cytometer
(FACSCaliber, BD Biosciences) equipped with the CellQuest
software. FlowJo software was used for the data analysis.

Teratoma formation

Two distinct clones of the B16f10 C-iPSC, B16f10/1, and
B16f10/2 (generated under the same conditions but from
two separate experiments) were tested. The murine C-iPSCs
were cultured on mitotically inactivated mouse fibroblast
feeder cells in medium containing rmLIF and were disso-
ciated to single-cell suspensions using TrypLE� Express
Dissociation Reagent (Life Technologies, Paisley, UK).
Feeder cells, which attach to tissue culture plastic more
readily than iPSCs, were removed from the cell suspension
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FIG. 1. Detailed kinetic optimization for maximizing the efficacy of transfecting malignant cell lines. The two unrelated
but well-established human lung adenocarcinoma (A549) and mouse melanoma (B16f10) cancer cell lines were transfected
once with the pIRES2-EGFP expression vector as described in Materials and Methods, under different experimental
conditions detailed below, and analyzed by flow cytometry. (A–C) Representative FACS profiles illustrating the effects of:
(A) Different plasmid (pIRES2-EGFP) and transfection reagent concentrations (P:TR ratios, 1:1 to 1:6) at 48 h with a fixed
initial cell density (105/mL). (B) Time kinetics with a fixed initial cell density (105/mL) and P:TR ratio (1:3). (C) A range of
different cell densities seeded with a fixed P:TR ratio (1:3) and time (48 h), on the efficiency of transfecting A549 cells. The
linear graphs plotted at the bottom of A, B, and C illustrate the respective kinetic changes from the results calculated and
shown as the means ( – SD) of triplicate samples. Arrows indicate the peaks of expression levels. (D) Time kinetic changes
of GFP + cell frequency shown as a percentage (GFP + %) detected in the cell cultures under the highly optimized conditions
for iPSCs induction from A549 (initial cell density seeded at 6.3 · 103/mL; P:TR ratio, 1:3) and from B16f10 (initial cell
density seeded at 1.2 · 103/mL; P:TR ratio, 1:3) cell lines (left and right panels), respectively. (E) Time kinetic changes of
GFP + and GFP - cell frequency shown as total cell counts (absolute number) detected in the same cultures mentioned in D.
Data shown in D and E were of mean ( – SD) calculated from triplicate samples. Statistical analysis (D): Nonparametric
one-way ANOVA test, p £ 0.01 (highly significant).
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by two rounds of 30 min of culture in a minimal volume of
medium. To form embryoid bodies (EBs), 0.5 · 106 cells
were plated onto 90-mm bacteriological (low-attachment)
petri dishes (Bibby Sterilin) in DMEM containing l-glutamine,
NEAA, sodium pyruvate, penicillin/streptomycin, and 2ME
plus 10% FBS. The medium and petri dishes were changed
on days 3 and 8 following plating by collecting the cell
clusters in suspension and allowing them to sediment for
several minutes under unit gravity in a 50-mL Falcon tube.
Most of the upper supernatant was discarded. The EBs were
plated in fresh medium onto new low-attachment petri
dishes.

On day 14, between four and six EBs were unilater-
ally implanted beneath the kidney capsule of immune-
compromised CBA.RAG1- /- female mice. EBs from B16f10/1
and B16f10/2 cell lines were transplanted into three recip-
ient mice per cell line. Teratoma tissue was harvested 18
days later and embedded in OCT compound (VWR Che-
micals, UK). Frozen sections (7 lm thick) were cut for
histological analysis, and representative sections stained
with Hematoxylin (Harries) and Eosin (H&E) under stan-
dard conditions and imaged on a Nikon Coolscan micro-
scope. All procedures were conducted in accordance with
the Home Office Animals (Scientific Procedures) Act of
1986 and received local ethical committee approval.

Statistical Analysis

All data were expressed as the mean – standard deviation
(SD). For continuous variables, data were analyzed by the
nonparametric one-way analysis of variance (ANOVA) test
followed by Tukey comparison (Graphpad Software, San
Diego. CA). Student’s t-test was also used for comparisons
between two groups (Graphpad Software, San Diego. CA).

p values £ 0.05 were considered statistically significant, and
£ 0.01 highly significant.

Results

Optimization for transfection efficiency of cancer
cells using nonviral plasmid vectors

To maximize the transfection efficiency, a detailed kinetic
analysis was carried out first of all to determine the optimal
condition for cancer cell transfection using the plasmid
vector encoding enhanced GFP (eGFP) (pIRES2-EGFP).
Data shown in Figure 1A–C are frequency (ratio) changes of
the transfected (GFP + ) A549 human lung cancer cells under
different experimental conditions, including concentration
of the transfection reagents [i.e., P:TR ratios] (Fig. 1A), time
after the transfection (Fig. 1B), and the initial cancer cell
densities seeded in the cultures (Fig. 1C). As indicated, the
density of tumor cells initially seeded appears to be one of
the most critical factors that largely determines the trans-
fection efficiency. Under the highly optimized condition
(initial cell density seeded, 6.25 · 103/mL; P:TR ratio, 1:3;
time, 48 h), at its peak, around 25% of the A549 cells were
GFP + (transfected) (Fig. 1C arrow). The ratios of GFP +

cells to unlabeled cells, however, subsequently and quickly
declined (Fig. 1D, left panel). This was found to be mainly
due to those much faster proliferating nontransfected (GFP- )
cells outcompeting their transfected (GFP+ ) counterparts, as
clearly reflected by the respective total cell counts in cultures
(Fig. 1D–E, left panels). Similar kinetic changes were also
observed when the B16f10 mouse melanoma cell line was
tested at its respective optimal conditions (Fig. 1D–E, right
panels). Again, the initial cell density appears to be a critical
factor for efficient B16f10 cell transfection although, due to

FIG. 1. (Continued).
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FIG. 2. Effects of initial cell density on
iPSCs induction from the A549 human
lung adenocarcinoma and B16f10 murine
melanoma cell lines. A549 and B16f10
cells were reprogrammed for iPSCs in-
duction using the pCX-OKS-2A and
pCX-cMyc plasmids four times at 48-h
intervals as described in Materials and
Methods. The programming was carried
out under the optimized conditions for
cell transfection in terms of P:TR ratio
(1:3), timing (48 h), and a range of dif-
ferent cell density initially seeded in the
cultures (as indicated in graphs). By day
10 and day 30, the cell cultures were
stained for the expression of the iPSC
enzymatic marker, AP. (A and B) Re-
presentative photos (magnification,
400 · ) showing detection of AP + cells
(red) in the reprogrammed A549 (A) and
B16f10 (B) cultures of day 10 and day 30,
respectively, as indicated in the graphs.
The percentages of AP + cells were
quantified and further analyzed under
the microscope by counting cells in 10
randomly selected views and shown as
the means ( – SD) for the A549 (C) and
B16f10 (D) cultures (n = 3) of day 10
and day 30, respectively. Statistical
analysis (C and D): Nonparametric
one-way ANOVA test, p £ 0.05
(significant) and £ 0.01 (highly
significant).
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their even faster proliferation rate, the optimal initial cell
density was found to be five-fold lower (at 1.2 · 103/mL; data
not shown) compared to their A549 counterparts (6.3 · 103/mL;
Fig. 1C).

Effects of initial cell density on iPSC induction
from the A549 and B16f10 cancer cell lines

Following the initial optimization for transfection effi-
ciency above, the efficiency for reprogramming iPSCs
from two very different cancer cell lines was assessed and
compared side by side, focusing on the effects of cancer
cell density initially seeded in the cultures. Moreover, to
enhance the reprogramming efficiency, the strategy of
multiple repeated transfections, which have been shown to
improve the reprogramming of somatic adult cells (Okita
et al., 2010), was also applied in our experimental model.
Data shown in Figure 2 were derived from representative
experiments showing induction of iPSC-like cells from the
A549 and B16f10 cancer cell lines, on the basis of their
expression of the iPSCs enzymatic marker (AP). At day 10,
i.e., after a total of four repeated transfections (48-h in-
tervals), a number of AP + cells were detected in the re-
programmed A549 cells, but only at very low frequency in
the B16f10 cultures (Fig. 2A, B, left panels). At day 30,

i.e., 24 days after the 4th (last) transfection procedure, al-
though high frequencies of AP + cells could be detected in
the A549 cultures with a peak again at the optimized cell
density (6.3 · 103/mL), significant numbers of AP + cells
also appeared in the B16f10 cultures (Fig. 2A, B, right
panels). The differences were further analyzed quantita-
tively by counting the numbers of AP + and AP - colonies
in 10 randomly selected views of each culture condition/
well under an inverted microscope (X-400; Olympus,
Japan). The counting was repeated twice in a blinded
manner, and the mean values shown as the percentages of
AP + clones over the total numbers of colonies detected in
the cultures at day 10 and day 30, respectively (Fig. 2C, D,
histograms).

Under light microscopy (X-100, Olympus, Japan), these
AP + colonies also appeared to be different morphologically
from their parental counterparts and started showing an
iPSC-like morphology around days 20–30 with sharp and
defined cellular margins (Fig. 3). The frequency of these
cells in the cultures increased in a time-dependent manner.
By day 60 and day 40, for the A547 (Fig. 3A) and B16f10
(Fig. 3B) cell cultures, respectively, high frequencies of
these AP + iPSC-like cells became readily detectable. At this
late stage, they were also less amenable to being taken over
by, and physically more separable from, their nontrans-
formed counterparts.

Phenotypic characterization of the A549
and B16f10-derived iPSC-like cells

To confirm these results further phenotypically, the iPSC-
like cells were harvested and stained for their expression of
iPSC markers. Flow cytometry analysis revealed that these
cancer-derived iPSC-like cells expressed several typical
pluripotency markers, including Sox2, Oct-3/4, and Nanog
(Fig. 4). The expression of these transcription factors, in
terms of frequency and level, also increased in a time-
dependent manner. Sox2, being an early marker of pluripotency,
was clearly detectable at days 20–30, followed by the ap-
pearance of Oct-3/4 and Nanog at a relatively later stage
(Fig. 4A, B). By day 60 and day 40 for the A549 and B16f10
lines, respectively, many of these cells, as high as 31.6% and
24.3% from those cultures with highly optimized repro-
gramming conditions (Fig. 4C, D, arrows), were found to be
co-expressing Sox2 and Oct-3/4. As shown in Figure 4C and
D, the initial cell density was again confirmed to be the most
critical factor that determined the overall reprogramming ef-
ficacy of the C-iPSCs and cancer cell type-dependency. The
experiments were repeated for more than three times, and
in replicates for both cell lines under the described con-
ditions, and with consistent results as defined by dose ki-
netics in terms of the optimal condition versus the initial
cell density seeded. There is in general again a five-fold
difference between the two tumor cell lines tested in terms
of the optimal cell density initially seeded, which corre-
lated with the proliferation rates of their parental tumor
cells in the control cultures (three- to four-fold difference;
data not shown).

Establishment of stable A549 and B16f10 C-iPSC lines

The results shown in Figures 2–4 indicate that there was
a stable increase of these iPSC-like cells in the long-term

FIG. 3. Establishment of stable iPSC-like colonies from
the A549 and B16f10 cancer cell lines by using the highly
optimized reprogramming protocol. iPSCs were induced
from A549 (A) and B16f10 (B) cell lines as described in the
Fig. 2 legend. Cell morphological changes and AP expres-
sion were monitored after the multiple reprogramming
procedures (four times, at 48-h intervals). Representative
graphic photos showing the morphological features (upper
panels) and AP + (in red, bottom panels) were taken under
an inverted microscope (magnification, 400 · ) at days 0, 30,
and 60 of the A549 (A) and days 0, 20, and 40 of the B16f10
(B) cultures.
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cultures, in terms of the frequency and typical morpho-
logical features of the cells, and their expression of the
typical enzymatic as well as intracellular pluripotency
markers. Subsequently, these stable iPSC-like colonies,
which formed sizeable cell clusters in suspension, were
isolated and transferred back to the feeder cell–coated
plates. After 3 more days in culture, typical iPSC colonies
with more defined morphology were observed and further
characterized by their expression of the iPSC markers. As
shown in Figure 5, these replated cells expressed enhanced

and stable levels of AP activity with high frequencies,
around 50% of them co-expressing Oct-3/4 and Sox2
transcription factors (A549-iPSC, 51.1%, Fig. 5A; B16f10-
iPSC, 43.4% Fig. 5B).

To demonstrate the capacity of C-iPSC lines to sup-
port the differentiation of cell types from each of the
three embryonic germ layers, we performed teratoma
assays using two independent clones derived from the
B16f10 murine cell line. EBs were formed in suspension
cultures and were implanted under the kidney capsule of

FIG. 4. Phenotypic characterization of the A549-iPSC and B16f10-iPSC cell lines. iPSCs were induced from A549 and
B16f10 cancer cell lines as described in the Fig. 2 legend, under the optimized conditions (initial cell density seeded, P:TR
ratio, and timing indicated in the graphs). The expression of the stem cell markers, including Oct-3/4, Sox2, and Nanog at day
60 and day 40 in A549-iPSCs (A, C) and B16f10-iPSCs (B, D), respectively, was determined by flow cytometry. The relative
expression levels (FACS profiles as histograms in A and B; or dot plots in C and D) and frequencies of cells expressing each of
these three markers individually (A, B), and cells co-expressing both Sox2 and Oct-3/4 (C, D), are shown. Arrows indicate the
peak of expression level. Data shown are from one representative experiment in triplicate (mean – SD; n = 3); the experiment
was repeated for more than three times with consistent results under the respective conditions described.
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immune-compromised female CBA.RAG1 - / - mice. All
six recipients showed significant teratoma growth when
sacrificed 18 days later. Figure 6 shows histological anal-
ysis of H&E-stained sections from representative teratomas
from either of the two C-iPSC clones. Tissues derived
from each of the three embryonic germ layers could be
readily identified, including putative gut-like structures of
endodermal origin (Fig. 6A, D), mesodermally derived
cartilage and smooth muscle (Fig. 6B, E), and ectodermal
tissues including epidermis of the skin (Fig. 6F). Interest-
ingly, we were also able to identify in a teratoma derived
from the B16f10/1 C-iPSC line a structure highly reminis-
cent of the developing eye with well-defined retinal pig-
mented epithelium (Fig. 6C and inset), retina, and putative
lens, derived from the ectoderm. The ability of C-iPSC
lines to give rise to structures from each of the embryonic
germ layers is fully consistent with their acquisition of
pluripotency,

Discussion

In this study, a highly optimized protocol has been de-
veloped for reprogramming cancer cells to pluripotency
with high efficiency. Importantly, we show for the first time
that this can be successfully and reliably achieved using a
nonviral plasmid vector approach. To achieve this, we have
carried out a detailed kinetic optimization focusing on key
factors or aspects that could significantly impact on the ef-
ficiency of cancer cell transfection and reprogramming. The
present findings have confirmed our hypothesis that the
main obstacle preventing efficient iPSCs induction from
cancer cells (C-iPSCs) is the rapid expansion of those pa-
rental tumor cells over their transfected and subsequently
transformed counterparts. We demonstrate here that, due to
the superiority of these parental tumor cells versus the
length of time required for reprogramming to pluripotency
( > 10 days), the initial cell density seeded in culture is

FIG. 4. (Continued).
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one of the most critical parameters to consider to achieve a
high reprogramming efficacy for C-iPSCs induction and
establishment.

The first issue being addressed here is about transfection
efficiency. Cancer cells have been shown to share many
biological features with stem cells in terms of their high and
dynamic genomic activities required for self-renewal and
potential differentiation into multiple cell types. This par-
ticular feature should endow them with a higher transfec-
tion rate over that of benign and normal adult cells. Indeed,
we showed that their one-hit transfection rate at its peak
(48 h) could be rather high (*20% under the optimized
conditions; Fig. 1D). However, due to the superiority and
significantly faster expansion of those nontransfectants
(Fig. 1E), the relative ratio of those transfected cells in the
cultures soon declined. As a result, the overall frequency of
transfected cells became very low in the cultures at later
time points. In addition, for iPSC induction, the fast ex-

panding parental tumor cells could also hinder the growth
of new iPSC colonies by posing the risk of cell layer lifting,
particularly after the prolonged culture times required for
the reprogramming (Kaji et al., 2009). Together, these
factors may contribute to and help explain the low success
rate in C-iPSCs reprogramming, even by using the virus-
based approaches as previously reported (Carette et al.,
2010; Lin and Chui, 2012; Lin et al., 2008; Miyoshi et al.,
2010; Nagai et al., 2010).

Certain cancer-specific genetic lesions have been
shown to affect C-iPSCs programming, although whether
and how these defects may explain the barriers respon-
sible in the process is still unclear. Reduced expression of
the tumor suppressor p53, for example, was found to re-
sult in a more efficient cellular reprogramming (Banito
and Gil, 2010). However, because most tumors are linked
with a defective p53 suppressor pathway, one would expect
an enhanced rather reduced reprogramming efficiency of C-
iPSCs. When different lines of evidence are drawn together,
it was concluded that genetic defects on their own might
be insufficient to impede the C-iPSCs reprogramming effi-
cacy (Ramos-Mejia et al., 2012). Therefore, it is likely that
other biological or technical barriers are involved in the
process.

Our present findings demonstrate that the induction of C-
iPSCs with high frequencies may be achieved reproducibly
by using the nonviral approach, as long as a properly op-
timized protocol is employed. The most important param-
eter to be considered is the cell density initially seeded in
the cultures. Different types of tumor cells may under-
standably vary in their rate of expansion. This suggests that
the protocol also needs to be tailor-made in this regard, i.e.,
the inclusion of dose-kinetic analysis for each type of

FIG. 5. Morphological and phenotypic characteristics of
the established (replated and purified) A549-iPSC and
B16f10-iPSC cell lines. Following long-term cell culture,
the reprogrammed A549 (day 60) and B16f10 (day 40)
iPSC-like cells that formed large and floating colonies
were isolated, replated, and further differentiated for 3 days
in feeder-coated plates. These replated/differentiated cells
were then collected and reanalyzed morphologically and
phenotypically. Representative photos (magnification, 100 · )
and FACS profiles of the established A549-iPSC (A) and
B16f10-iPSC (B) cell lines are shown, illustrating the typical
iPSC morphology (upper photo) and the expression of iPSC
enzymatic (AP, lower photo in red) as well as intracellular
(Oct-3/4, Sox2) ESC markers.

FIG. 6. Pluripotency of C-iPSC lines demonstrated by
teratoma formation. Representative sections from teratomas
derived from the B16f10/1 (A–C) and the B16f10/2 (D–F)
C-iPSC lines, stained with H&E. Pluripotency was verified
by identification of tissues derived from each of the three
embryonic germ layers. (A and D) Gut-like tissues of en-
dodermal origin, including putative goblet cells within
simple columnar epithelium. (B and E) Mesodermal dif-
ferentiation represented by cartilage (B) and smooth muscle
(E). (C and F) Ectodermal differentiation illustrated by the
development of a structure reminiscent of the developing
eye with well-defined retinal pigmented epithelium, retina,
and lens (C and inset), and keratinized stratified epithelium
of the epidermis (F). Scale bars, 100 lm.
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cancer cells being tested, to maximize the reprogramming
efficiency for general practice. By taking this factor into
account, and by employing the multiple repeated transfec-
tion strategy (Okita et al., 2010), we showed evidence that
as high as 50% of the cells or more with typical iPSCs
morphology and phenotypic markers could be consistently
achieved. This was tested and confirmed in our study by
reprogramming two totally unrelated but well-established
cancer cell lines, i.e., the B16f10 mouse melanoma and A549
human adenocarcinoma cell lines, pointing to the general
applicability of this method.

Furthermore, this virus-free technique not only provides
an optimized method for reprogramming of cancer lines
into iPSCs using plasmid vectors, but also reduces the
safety concern for their potential future clinical applications
(Lin and Chui, 2012). In the present study, we have also
made an observation similar to that previously reported for
iPSCs induction from mouse and human embryonic fibro-
blasts or somatic adult cells (Fluri et al., 2012; Kaji et al.,
2009; Shafa et al., 2012). We observed that, while most of
their nontransformed parental counterparts adhered to the
gelatin-coated wells, the induced C-iPSC colonies could
grow well in suspension. Such differences made it rela-
tively easy to separate them physically. After subsequent
transfer into a new well for further but brief expansion, we
obtained a consistently high percentage and purity (*50%)
of cells expressing the typical iPSC enzymatic (AP) and
intracellular phenotypic (Oct-3/4, Sox2, Nanog) markers. In
conclusion, this highly optimized nonviral protocol for C-
iPSCs reprogramming can be a very useful tool in gener-
ating effectively virus-free C-iPSCs for future studies and,
potentially, clinical applications.
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