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Induced pluripotent stem cells (iPSCs) have the potential for creating patient-specific regenerative medicine
therapies, but the links between pluripotency and tumorigenicity raise important safety concerns. More spe-
cifically, the methods employed for the production of iPSCs and oncogenic foci (OF), a form of in vitro produced
tumor cells, are surprisingly similar, raising potential concerns about iPSCs. To test the hypotheses that iPSCs
and OF are related cell types and, more broadly, that the induction of pluripotency and tumorigenicity are
related processes, we produced iPSCs and OF in parallel from common parental fibroblasts. When we compared
the transcriptomes of these iPSCs and OF to their parental fibroblasts, similar transcriptional changes were
observed in both iPSCs and OF. A significant number of genes repressed during the iPSC formation were also
repressed in OF, including a large cohort of differentiation-associated genes. iPSCs and OF shared a limited
number of genes that were upregulated relative to parental fibroblasts, but gene ontology analysis pointed
toward monosaccharide metabolism as upregulated in both iPSCs and OF. iPSCs and OF were distinct in that
only iPSCs activated a host of pluripotency-related genes, while OF activated cellular damage and specific
metabolic pathways. We reprogrammed oncogenic foci (ROF) to produce iPSC-like cells, a process dependent on
Nanog. However, the ROF had reduced differentiation potential compared to iPSC, suggesting that oncogenic
transformation leads to cellular changes that impair complete reprogramming. Taken together, these findings
support a model in which OF and iPSCs are related, yet distinct cell types, and in which induced pluripotency
and induced tumorigenesis are similar processes.

Introduction

Differentiated cells can be reprogrammed into in-
duced pluripotent stem cells (iPSCs) that share many

properties with embryonic stem cells (ESCs) [1–6,26]. Many
elements of ESC gene expression are invoked during iPSC
formation, including both activation and repression of specific
genes, but interestingly there are important differences as well
[7], arguing that iPSCs are their own unique subtype of plu-
ripotent cells. Both iPSCs and ESCs can readily form terato-
mas in xenograft assays, which are tumors consisting of
tissues that include derivatives of all 3 germ layers. However,
the tumorigenic properties of iPSCs have not yet been inves-
tigated to the same degree as ESCs.

Many of the genes involved in producing iPSCs are either
known or suspected oncogenes including, most notably, Myc
and Klf4. However, Nanog, Sox2, and Oct4 (also known as
Pou5f1) are linked to tumorigenesis as well ([8–10] and re-
viewed in ref. [11]). The degree to which iPSCs can form
malignant tumors remains mostly undefined as are the
mechanisms involved when tumor formation has been

shown to occur [12]. ESCs themselves not only form tera-
toma, but also can more rarely form malignant tumors [13].

An ESC-like module of gene expression, regulated by
Myc, is to some extent operative in many cancer cells and
correlates with poor prognosis [14,15]. Myc also maintains
ESC self-renewal and pluripotency [16], at least in part by
blocking their differentiation through regulation of histone
modifications and specific miRNAs [17,18]. Both Myc and N-
Myc also bind and, together with their cofactor Miz-1, re-
press differentiation-associated genes, including Hox genes
in human ESC [19], and Myc repression of differentiation
genes has also been noted as important in iPSCs as well [20].
In the context of human neuroblastoma, N-Myc also directly
binds and regulates expression of pluripotency-related
genes, including KLF2, KLF4, LIF, and LIN28B [21]. These
findings have led us to hypothesize that a process analogous
to that which leads to the genesis of many cancers may also
be involved in reprogramming to pluripotency. A greater
understanding of the relationship between pluripotency and
tumorigenicity will be instrumental in the development of
regenerative therapies as well as the use of ESCs and iPSCs
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for modeling human diseases. iPSCs have been used as a
platform to model a number of human diseases, including
most recently Parkinson’s disease [22]. However, if iPSCs are
inherently similar to tumor cells, this may confound some of
these model systems of disease states, particularly those
having no link to tumorigenesis.

Also of concern is the compelling similarity that we first
noted between the methods used for iPSC production and
those used to produce so-called oncogenic foci (OF) [11]. OF
formation assays have been used to study oncogenes for
decades [23]. For both the production of iPSCs and OF, fi-
broblasts are transduced with viruses encoding a variety of
genes, most often suspected or known oncogenes, a process
that ultimately leads to the formation of colonies with a
variety of morphologies. OF are in essence colonies of
transformed cells that develop into tumors when injected
into immunodeficient mice. OF produced from fibroblasts
form fibrosarcoma [23], malignant cancers made up of im-
mature proliferating fibroblasts. Myc not only induces OF
formation on its own [24], but can also enhance production
of OF by other oncogenes, such as Ras [23,25]. Exogenous
Myc, while not essential for iPSC formation, greatly enhances
the efficiency of iPSC formation when combined with other
iPSC inducing genes [6,26,27]. Lowering p53 levels also en-
hances both iPSC formation efficiency [28–33] and the for-
mation of OF [34]. The addition of SV40 large T antigen, a
well-known oncogene that suppresses normal p53 function
[35], also increases the efficiency of iPSC formation [36]. In
addition, immortalization appears to eliminate a roadblock
to iPSC formation [33]. Thus, there are numerous methodo-
logical similarities between OF and iPSC production, but the
relationship between stem and tumor cells created in vitro,
(iPSC and OF, respectively), is still largely unknown.

Here we examined iPSCs and OF produced from common
parental fibroblasts to test the hypothesis that they are re-
lated cell types. To this end, we conducted gene expression
microarray studies to compare the transcriptomes of parental
mouse embryonic fibroblasts (MEFs) to those of iPSCs and
OF derived from them. We found substantial overlap in
gene expression changes that occur in iPSCs and OF rela-
tive to parental MEFs. The specific group of differentiation-
associated genes that we found to be downregulated during
iPSC production was quite similar to those downregulated
during OF formation, and the overlapping downregulated
genes were highly related to those found by Sridharan et al.
[20] as down in iPSCs. We also found that both cell types
commonly upregulated the glycolysis pathway, although
through different genes in each case. We also examined 2
other published microarray data sets generated from iPSCs
that were derived either by using different cocktails of re-
programming factors [37] or different starting cells [38] to
determine the global validity of our comparisons and found
very similar results, suggesting that the similarity of iPSCs
and OF is independent of both Myc and fibroblastic parental
cells. There were some key differences, however, between
iPSCs and OF. For example, iPSCs exhibited a cluster of
17 activated pluripotency genes absent from OF, while OF
uniquely expressed cell damage and specific metabolic pro-
grams. Interestingly, OF were able to be reprogrammed in
a Nanog-dependent manner into iPSC-like cells based on
morphology and gene expression, although their differenti-
ation was less robust. Our findings indicate that both OF

and iPSC switch to a glycolytic metabolic state, a finding that
is supported in iPSCs by a recent metabolomics study [39].
Our findings also show that cell-type-specific differentiation
is commonly downregulated during both the reprogram-
ming and transformation processes. Together, these results
support a model in which iPSCs and OF are related cell types
as well as more broadly arguing that the processes of tu-
morigenesis and induced pluripotency are related.

Methods

MEF isolation

MEFs were isolated from E14.5 CF-1 embryos. The isola-
tion protocol was as described in Ref. [40].

OF, iPSC, and reprogrammed oncogenic foci
derivation and in vitro differentiation

iPSC and OF were derived using retroviral transduction
of pMXs based plasmids by methods similar to what was
previously described [2]. At 7 days post-transduction, cells
transduced with Oct4, Sox2, Klf4, and Myc (OSKM) were
replated on irradiated MEF feeder cells. Media was replaced
with the mouse embryonic stem cells (mESC) medium [2] on
cells from all conditions the following day and was subse-
quently changed daily. Starting at day 21 post-transduction,
colonies from the OSKM condition were selected based on
having colony morphology similar to mESC. Selected colo-
nies were manually picked up and cultured using mESC
conditions. Reprogrammed oncogenic foci (ROF) derivation
was similar, but cells were transduced with Nanog and the
complementary factors. Also starting at day 21 post-trans-
duction, colonies from all other transduced cells were manu-
ally picked for the first passage, and then enzymatically
passaged as needed. Knoepfler Lab and Millipore MEFs
(MEF1 and MEF2, respectively), are derived from CF1 mouse
strains, passage 2 and 4, respectively. To derive embryoid
bodies (EBs), mESC, ROF, and iPSC were harvested by tryp-
sinization and seeded into low-binding 9-cm tissue culture
dishes (Thermo Scientific; part no. 145401) in the mESC me-
dium without leukemia inhibitory factor. After 7 days in
suspension culture, EBs were transferred to gelatin-coated
coverslips and allowed to differentiate for another 7 days.

Expression microarrays

RNA was isolated from MEF, OF, iPSC, ROF, and mESC
using the RNeasy Plus Mini Kit (Qiagen). RNA was sub-
mitted to the UC Davis Genome Center Expression Analysis
Core for hybridization and scanning of MouseWG-6 bead-
chip microarrays (Illumina; v2). Microarray data were nor-
malized by quantile normalization and analyzed using
GenomeStudio (Illumina; v2010.1). Venn diagrams and lists
of overlapping genes were generated using VENNY [41].
P values for the degree of overlap between gene sets were
calculated using the Chi-squared test.

Reverse transcriptase-polymerase chain reaction
and quantitative RT-polymerase chain reaction
for marker genes

First strand cDNA synthesis was carried out using the
SuperScript III First Strand Synthesis Supermix kit (Invitrogen)
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with oligo(dT)20 primers. GoTaq (Promega) was used to
perform conventional reverse transcriptase-polymerase
chain reaction (RT-PCR). ABsolute Blue QPCR Master Mix
(Thermo) was used to perform SYBR green-based quantita-
tive PCR (qPCR). Fold changes were normalized to PPIA and
analyzed by the DDCt method. Sequences of primers used for
the analysis of marker genes are in Supplementary Table ST4
(Supplementary Data are available online at www.lie-
bertpub.com/scd).

Alkaline phosphatase and immunofluorescence
staining

Cells were fixed with 4% paraformaldehyde. Alkaline
phosphatase (AP) staining was performed using the Vector
Blue Alkaline Phosphatase Substrate Kit (Vector Labora-
tories) according to the manufacturer’s instructions. For
immunofluorescence, cells were stained with primary anti-
SSEA1 (Chemicon; MAB4301), anti-Nanog (Abcam;
ab80892), anti-b-tubulin (Covance; PRB-435P), anti-a-
Fetoprotein (R&D systems; MAB1368), or anti-a-smooth
muscle actin (Abcam; ab5694) antibodies. Primary anti-
bodies were visualized with AlexaFluor� 488–conjugated
anti-mouse immunoglobulin G (IgG) or anti-rabbit IgG or
AlexaFluor� 555–conjugated anti-mouse IgM. Coverslips
were mounted using Vectashield with 4¢,6-diamidino-2-
phenylindole (Vector Laboratories).

Western blotting

Equivalent levels of protein from each cell type were
separated on 6%–12% Bis-Tris gel (Invitrogen protocol). The

protein was then transferred onto polyvinylidene fluoride
membrane and blocked in 5% milk for an hour. Membranes
were then incubated with a primary antibody overnight at
4�C. Primary antibody concentrations and catalog numbers
are listed below. All secondary antibodies were applied for
1 h at room temperature.

c-Myc: Santa Cruz Biotechnology rabbit polyclonal—sc-
764; lot K2008. 1:400 dilution.

N-Myc: Abcam mouse monoclonal—ab16898; lot
GR46870. 1:100 dilution.

Sox2: Abcam rabbit polyclonal—ab15830. 1:166 dilution.
Nanog: Abcam rabbit polyclonal—ab80892; lot GR40243-

9. 1:300 dilution.
Oct4: Abcam rabbit polyclonal—ab19857; lot GR54542-1.

1:800 dilution.
p57Kip2: Abcam rabbit polyclonal—ab4058; lot 750614.

1:1,000 dilution.
p53: Abcam mouse monoclonal—ab26; lot GR68134-1.

1:200 dilution.
B-actin: Sigma mouse monoclonal—A 1978; lot 047K4768.

1:8,000 dilution.

Tumor formation assays

OF, iPSC, ROF, and mESC were harvested by trypsiniza-
tion and brought to a concentration of 107 cells/mL in the
mESC medium with 30% Matrigel. One hundred microliter
suspensions (106 cells) were injected subcutaneously into the
left flank of NOD/SCID IL2RG mice (n = 4 for all cell types)
[42]. Tumors were harvested as they appeared (4–8 weeks),
fixed with formaldehyde, sectioned, and stained with he-
matoxylin and eosin.

FIG. 1. Parallel generation and analysis of iPSCs and OF from common parental fibroblasts. (A) Common parental MEFs.
(B) Typical iPSC colonies before picking (boxed). (C) Typical OF colonies before picking (boxed). (D) Typical ROF colonies
(boxed) (scale bars = 500 mm). iPSCs, induced pluripotent stem cells; OF, oncogenic foci; MEFs, mouse embryonic fibroblasts;
ROF, reprogrammed oncogenic foci.
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Results

Production of iPSC and OF with identical
genetic backgrounds

To analyze the relationship between iPSC and OF, we
produced both in parallel using the same MEFs (MEF1) as
starting parental cells (Fig. 1). We transduced MEF1 cells
with Myc, Klf4, Oct4, and Sox2 (MKOS) to produce iPS1. We
generated iPS2 by transduction of the MKOS cocktail into
commercially available MEFs (Millipore; MEF2) of an
identical genetic background to MEF1 [2]. Colonies with
typical mESC morphology were picked and propagated
(Fig. 1B, see boxed area for an example of such colonies and
Supplementary Fig. S1) to establish clonal lines. In parallel,
we produced OF through transduction of MEF1 with dif-
ferent combinations of retrovirus encoding the following:
(1) wild-type Myc (WT), (2) the stabilized mutant MycT58A

(MycTA), (3) MycTA and Klf4 together (MycTA + Klf4), or (4)
SV40 Large T antigen (SV40) (Fig. 1). In each case, indi-

vidual OF were picked and propagated (see boxed area in
Fig. 1C for examples of OF colonies). Biological replicates of
clonal OF lines were produced in two separate transduc-
tions and one clone from each was selected for further
analysis. We also transduced MEFs with Klf4 alone, but no
OF were produced (not shown). Thus, we produced (or in
the case of MEF2, obtained) MEFs, OF, and iPSC all with
identical genetic backgrounds. For both OF and iPSC,
transgene expression was verified (Supplementary Fig. S2).
iPSCs were initially screened by colony morphology [Fig.
2A(a) and Supplementary Fig. S1]. Differentiation potential of
the iPSC was examined through in vitro EB formation re-
sulting in tripotent differentiation producing mesoderm, en-
doderm, and ectoderm derivatives [Fig. 2A(b–d) and
Supplementary Fig. S3], teratoma formation (Fig. 2B), and
endogenous stem cell-related gene expression profiling (Fig.
2C). OF produced sarcoma upon xenograft (Fig. 2D).

Expression of a panel of stem cell-related genes was also
assessed by immunoblotting for their protein products

FIG. 2. Characterization of iPSC and OF. (A) (a) Phase-contrast image of typical iPSC colonies (scale bar = 100 mm). (b–d)
Immunofluorescence (IF) staining images of: (b) Tuj (ectoderm), (c) aFP (endoderm), (d) aSMA (mesoderm) from embryoid
body differentiation (scale bars = 200mm). (B) (a) Hematoxylin and Eosin stained section of whole teratoma produced by iPS1.
Higher magnification images of tissues within teratoma, including (scale bars = 100 mm) (b) ectoderm, (c) endoderm, and (d)
mesoderm. (C) qPCR analysis of stem cell markers in all conditions, normalized to Ppia. (D) (a) Hematoxylin and Eosin
stained section of whole sarcoma and (b) higher magnification image of sarcoma tissue (scale bar = 100mm). aFP, a-feto-
protein; aSMA, smooth muscle actin; qPCR, quantitative polymerase chain reaction. Color images available online at www
.liebertpub.com/scd
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(Fig. 3A). As expected, we found elevated levels of OCT4
and SOX2 in pluripotent cells, but not parental cells, feeder
cells, or OF. There was a noticeable lack of Nanog at the
RNA level in iPS2, though it was very weakly detected by
western blot (WB) and much more strongly by immunoflu-
orescence in iPS1. Interestingly, OF were found to have much
higher levels of p53 than any other cell type. In addition,
p57Kip2, a negative cell cycle regulator and possible tumor
suppressor, was found at levels similar to that in the parental
cells in all, but the 2 OF lines, which had significantly lower
levels (Fig. 3). Thus, there was an inverse relationship be-
tween p53 and p57, and OF were the only cell type that had
high p53 and low p57.

iPSCs were further validated by AP activity (Fig. 3B), as
well as by immunoreactivity for SSEA1 (Fig. 3C) and Nanog
(Fig. 3D). Interestingly, both Myc OF and SV40 OF were also
positive for AP which, aside from its use as a marker for
stemness, has also been described as a poor prognostic
marker in tumors of mesodermal origin, including sarcoma
[43]. Biological replicates were created and analyzed for
iPSCs (iPS1 and iPS2) and OF (infection 1 and infection 2) cell
lines. Control mESCs were tested for pluripotency-related

gene expression and were also found to produce teratoma
(not shown).

OF and iPSC produce distinct tumor types
in xenograft assays

OF cells produced by MycTA + Klf4 were injected (1 · 106,
n = 4) into immunodeficient mice, which were observed over
time for tumor formation. Starting at 4 weeks postinjection of
cells, tumors formed at all 4 injection sites and were found to
be histologically consistent with sarcoma in all cases (Fig.
2D). When 1 · 106 iPS1 and iPS2 cells were injected (n = 4),
different tumor types were observed. iPS1 produced
teratoma (4/4 injections; Fig. 2B), while iPS2 produced
malignant teratoma-bearing immature neuroepithelial com-
ponents (4/4 injections, not shown). While both types
of teratoma (iPS1 benign and iPS2 malignant) contained
ecto, endo, and mesoderm derivatives and validated plur-
ipotency in both iPSC lines; the malignant teratoma con-
tained a higher proportion of undifferentiated cells. These
findings demonstrate that different iPSC lines can have
distinct tumorigenic properties while appearing almost

FIG. 3. Immunoblotting for the indicated proteins in iPSC and OF. (A) Western blots of indicated protein markers in
representative cells. (B) Alkaline phosphatase staining in representative cells (scale bar = 2 mm). (C, D) Immunofluorescence
images of indicated cells costained with DAPI (blue) and SSEA1 [red (C)] or Nanog [green (D)] (scale bars = 200 mm). DAPI,
4¢,6-diamidino-2-phenylindole. Color images available online at www.liebertpub.com/scd
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identical morphologically and in terms of pluripotency-
related gene expression.

iPSC are related to OF in terms of global
gene expression

To examine global gene expression profiles of OF versus
iPSC, we conducted expression microarray studies on RNA
that was isolated from iPSC, OF, and control mESC. When
total gene expression profiles were organized into a family
cluster tree, 2 main branches were evident. SV40 OF consti-
tuted one unique branch, while the other branch was divided
into 3 sub-branches. mESC formed its own sub-branch, while
the remaining OF and iPSC each formed their own sub-
branches. Surprisingly, iPSCs clustered more closely to the
OF than to mESC (Fig. 4A). Thus, the global gene expression
profile of iPSC is more similar to OF than to mESC. The 3
distinct types of OF formed with Myc, MycTA, and MycTA +
Klf4 were similar in global expression, while SV40 OF di-
verged (Fig. 4A). Not surprisingly, the presence of Klf4 led to
some divergence in the Myc-containing OF (Myc/MycTA vs.
MycTA + Klf4).

To further analyze the groups of genes that were most
highly up- or downregulated, we generated a list of 642
genes that were a minimum of 5-fold up- or downregulated
as compared to parental MEFs (Supplementary Table ST1).
We organized the profiles of the different conditions into a
family cluster tree and heat map to visualize groups of genes
that were similarly regulated in the different conditions (Fig.
4B). When taking into account only the genes with expres-
sion that was most highly changed upon generation of either
OF or iPSC, 2 main branches were evident. One was com-
prised of all OF conditions, and the other contained mESCs
and iPSCs. SV40 OF were again the most divergent OF,
followed by the MycTA + Klf4 OF. The Myc and MycTA OF
formed their own sub-branch and, as expected, were the 2
most closely related of the OF. The branch that contained
mESC and iPSC was separate from the OF branch indicating

particularly strong similarity between iPSC and mESC in
genes that are highly up- or downregulated.

OF and iPSCs exhibit a high degree of overlap
with mESCs in genes with altered expression
versus parental MEFs

Genes were divided into those whose expression was
up- or downregulated 1.5-fold or more in both iPSC con-
ditions as compared to parental MEFs. Similarly, to obtain
a general OF profile and remove some of the bias toward
only Myc-regulated genes, genes that were commonly up-
or downregulated in to all OF conditions versus parental
MEFs were divided (gene lists in Supplementary Tables
ST2 and ST3). Both gene lists were compared for overlap
with each other and with mESCs (Fig. 5A, B). Both iPSC
and OF individually had a high level of overlap with
mESC in both up- and downregulated genes. Surprisingly,
most genes that were commonly up- or downregulated
within OF and iPSCs were also similarly expressed in
mESCs as compared to MEFs. Further validating the
identity of the iPSC, genes downregulated in both iPS1
and iPS2 relative to MEFs were similar to those genes with
lower abundance in mESCs relative to MEFs (Supple-
mentary Fig. S4). A significant portion of the upregulated
genes in iPSCs was also upregulated in mESCs relative to
MEFs as well (Supplementary Fig. S4). A similarly high
proportion of genes (nearly 30%, P < 0.0001) repressed
during iPS1 formation were also repressed during OF
formation. About 8% (P < 0.0001) of repressed genes in
iPS2 were also repressed in OF (Supplementary Fig. S5).

Among the common expression patterns between iPSCs
and ESCs were high levels of expression of pluripotency-
associated genes relative to both MEFs and OF, including
many factors associated specifically with iPSC induction
(Oct4, Lin28, Sox2, Nanog, Klf4, Utf1, and Fbxo15). Neither
Myc alone nor MycTA and Klf4 together significantly induced
pluripotency genes during OF formation, suggesting they do
not act alone to induce these genes during the iPSC forma-
tion. In addition, DAVID bioinformatics software [44,45],
which generates clusters of genes based on gene ontology
(GO), showed that iPSCs uniquely expressed genes that fell
into ontological clusters involved in sugar transport, regu-
lation of cell growth, various metabolic processes (such as
that for coenzymes, glutathione, nicotinamide, and alka-
loids), and histone H2b as well as general chromatin as-
sembly (Table 1, light gray and Supplementary Tables ST4
and ST5). Collectively, these clusters suggest that plur-
ipotency-related transcription factors, as well as cell cycling,
chromatin, and metabolism are uniquely activated during
and may promote induced pluripotency.

About 10% of upregulated genes in iPS1 and 3% of up-
regulated genes in iPS2 were also activated in OF compared
to the starting MEFs (Supplementary Fig. S5). This represents
a statistically significant degree of concordance between iPS
and OF, but is less than the amount of overlap seen between
iPSCs and ESCs. When data sets were divided in this way
into up- and downregulated genes versus MEFs, iPSCs
therefore appeared more similar to mESCs than to OF.
However, taken together, these data support the notion that
iPSCs are not simply analogous to mESCs and have signifi-
cant similarities to OF as well.

FIG. 4. Microarray data analysis of relationships between
conditions. (A) Dendrogram based on similarities of global
gene expression patterns. (B) Heatmap and dendrogram
based on genes up- or downregulated 5-fold or greater ver-
sus MEFs.
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To validate and analyze the microarray data further, we
employed qRT-PCR to quantify levels of gene expression of a
group of known markers of pluripotent cells, including en-
dogenous Oct4 (eOct4), Tdgf1 (also known as Cripto), Rex1,
and Nanog by comparing levels in OF and iPSCs to levels in
their parental MEFs (Fig. 2C). While expression of most of
these markers of pluripotency was largely absent in OF cells
produced using Myc alone or in combination with other
factors, we observed expression of very low levels of Nanog
in some of these OF. All of these markers of pluripotency
were, to some degree, expressed in the SV40 OF, although
expression was lower than in pluripotent cells, which ex-
hibited robust expression (Fig. 2C). Thus, the general pattern
was that OF could be distinguished from ESC or iPSC by the
lack of strong pluripotency gene expression.

Gene expression changes unique to OF point to cell
damage and specific metabolic pathways as
important during oncogenic transformation

Some ontological clusters of genes that had no clear links
to pluripotency were identified as uniquely upregulated in
OF, but not iPSCs, as compared to MEFs. These clusters in-
cluded response to wounding, lysosome, positive regulation
of inflammatory response, and some specific types of me-

tabolism (Table 1, light gray). The cell damage and inflam-
matory response ontological clusters elevated in the OF
suggest that oncogenic transformation may be identified by
the cell as a type of injury.

iPSC and OF exhibit strongly overlapping patterns
of downregulation of differentiation-associated gene
expression compared to parental fibroblasts

When the ontology of genes repressed in both iPSC and
OF was analyzed and intercompared, some interesting pat-
terns emerged (Fig. 5B; Table 2). DAVID analysis of the 62
genes commonly repressed in both OF and iPSC produced a
list of significant ontological clusters almost exclusively re-
lated to differentiation with the only exception being 2 sim-
ilar clusters related to phospholipid metabolism (Table 2,
white). This list was also subjected to STRING analysis
(Supplementary Fig. S6) [46], which highlights functional
protein associations, further validating some of the clusters
inferred by ontological analysis. A subset of differentiation-
associated genes that were downregulated in both OF and
iPSCs, including Actc1, Gata3, H19, and Myod1, was vali-
dated by qRT-PCR (Fig. 5C), though we were not able to
observe MYOD protein by WB in any of the cell lines (not
shown). Interestingly, when we performed DAVID analysis

FIG. 5. Gene expression similari-
ties between iPSC and OF. (A) Venn
diagram of genes upregulated 1.5-
fold in OF (genes commonly upre-
gulated in all OF), iPSC, and mESC.
(B) Venn diagram of genes down-
regulated 1.5-fold in OF (genes
commonly downregulated in all
OF), iPSC, and mESC. (C) qPCR of
differentiation genes in all condi-
tions. mESC. mESC, mouse em-
bryonic stem cells. Color images
available online at www.liebertpub
.com/scd
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on lists of genes repressed in either iPSC or OF, we observed
a subset of clusters that were shared between these cell types
(Table 2, bold). These shared clusters were also mainly in-
volved in differentiation, but also included clusters related to
positive regulation of gene transcription. The genes in the
clusters related to transcription mainly encoded differentiation-
associated transcription factors, including Myog in OF and
Gata6, Gli2, Sox9 in iPSCs. The observation that OF and iPSC
up- or downregulated distinct genes that nonetheless com-
prised common ontological clusters (Tables 1 and 2, common
clusters in bold) suggests that, in some cases, cells may take
different paths to reach common phenotypic end points, in
this case, suppression of differentiation.

Common transcriptome changes in OF and iPSCs
are at least, in part, Myc-independent and are not
specific only to fibroblastic parental cells

Many of our inducing conditions share one or more fac-
tors, mainly Myc. To determine whether our comparisons
were biased toward a Myc-controlled transcriptional pro-
gram, we analyzed a published dataset in which only Oct4,
Sox2, and Esrrb were used to produce iPSCs (OSE iPSC)
without Myc from MEFs [37]. We generated lists of genes 1.5-
fold or more downregulated in the OSE iPSC as compared to
their starting MEFs and compared them to our gene ex-
pression data from mESCs and OF (Supplementary Fig. S7).
This comparison yielded 103 shared downregulated genes in
both OSE iPSCs and OF. The overlapping genes set en-

compassed many of the same genes found in our initial
analysis, including the Actc1 gene. DAVID analysis of the 96
downregulated genes shared by OSE iPSCs with both
mESCs and OF yielded almost exclusively differentiation-
associated GO clusters, in particular, those related to mus-
cle/skeletal system development (Supplementary Fig. S7A).
These findings support the notion that the transcriptional

Table 1. Ontological Clusters Formed by Genes

Commonly Upregulated in Induced Pluripotent

Stem Cells, Oncogenic Foci

Ontological clusters of upregulated genes P value

Carbohydrate catabolic process 9.92 · 10 - 04

Glucose metabolic process 2.08 · 10 - 03

Cellular carbohydrate catabolic process 2.44 · 10 - 03

Lysosome 2.73 · 10 - 03

Sphingolipid metabolic process 2.75 · 10 - 03

Lytic vacuole 2.81 · 10 - 03

Membrane lipid metabolic process 3.09 · 10 - 03

Organophosphate metabolic process 6.40 · 10 - 03

Glucose catabolic process 1.29 · 10 - 02

Monosaccharide metabolic process 2.20 · 10 - 02

Positive regulation of inflammatory response 2.12 · 10 - 02

Response to wounding 4.58 · 10 - 02

Histone core 1.07 · 10 - 05

Nucleosome core 1.82 · 10 - 05

Stem cell maintenance 2.92 · 10 - 03

Stem cell development 3.33 · 10 - 03

Sugar/inositol transporter 7.46 · 10 - 03

Monosaccharide biosynthetic process 7.83 · 10 - 03

Alcohol biosynthetic process 1.28 · 10 - 02

Glutathione metabolic process 3.98 · 10 - 02

Nicotinamide metabolic process 3.98 · 10 - 02

Embryonic organ development 4.17 · 10 - 02

Monosaccharide metabolic process 4.17 · 10 - 02

Genes common in iPS1 and iPS2 (in dark gray), OF (Myc, MycTA,
MycTA + Klf4, and SV40, in light gray).

Bolded entries denote clusters shared between conditions that
arise from specific genes that are not commonly regulated; i.e.,
overlapping clusters from non-overlapping genes.

Table 2. Ontological Clusters Formed by Genes

Commonly Downregulated in Induced Pluripotent

Stem Cells, Oncogenic Foci, and Both Induced

Pluripotent Stem Cells and Oncogenic Foci

Ontological clusters of downregulated genes P value

Positive regulation of transcription 1.50 · 10 - 04

Positive regulation of gene expression 1.86 · 10 - 04

Positive regulation of cell differentiation 2.78 · 10 - 04

Positive regulation of nitrogen compound
metabolic process

3.40 · 10 - 04

Epithelium development 4.77 · 10 - 04

Heart development 9.98 · 10 - 04

Positive regulation of transcription from
RNA polymerase II promoter

2.40 · 10 - 03

Skeletal system development 3.44 · 10 - 03

Chordate embryonic development 5.83 · 10 - 03

Regulation of cell proliferation 6.26 · 10 - 03

Blood vessel development 8.41 · 10 - 03

Vasculature development 9.28 · 10 - 03

Vasculature development 9.28 · 10 - 03

Neural crest cell development 1.25 · 10 - 02

Mesenchymal cell development 2.44 · 10 - 02

Skeletal system development 5.75 · 10 - 04

Ossification 2.12 · 10 - 03

Bone development 2.88 · 10 - 03

Osteoblast differentiation 5.77 · 10 - 03

Sarcolemma 6.78 · 10 - 03

Glycerophospholipid metabolic process 1.92 · 10 - 02

Branching morphogenesis of a tube 2.13 · 10 - 02

Myofibril 2.39 · 10 - 02

Tube development 2.58 · 10 - 02

Morphogenesis of a branching structure 3.68 · 10 - 02

Glycerolipid metabolic process 3.90 · 10 - 02

Angiogenesis 4.12 · 10 - 02

Skeletal muscle tissue development 1.67 · 10 - 07

Muscle cell differentiation 2.20 · 10 - 06

Heart development 1.12 · 10 - 05

Regulation of cell growth 9.62 · 10 - 05

Regulation of apoptosis 1.13 · 10 - 03

Regulation of programmed cell death 1.31 · 10 - 03

Positive regulation of neuron apoptosis 3.06 · 10 - 03

Positive regulation of programmed cell death 6.14 · 10 - 03

Positive regulation of transcription from
RNA polymerase II promoter

1.09 · 10 - 02

Skeletal system development 1.45 · 10 - 02

Blood vessel development 1.50 · 10 - 02

Vasculature development 1.72 · 10 - 02

Positive regulation of transcription 3.68 · 10 - 02

Positive regulation of gene expression 4.39 · 10 - 02

Induction of apoptosis 4.79 · 10 - 02

Genes common in iPS1 and iPS2 (in dark gray), OF (Myc, MycTA,
MycTA + Klf4, and SV40, in light gray), and both iPSC and OF (in white).

Bolded entries denote clusters shared between conditions that
arise from specific genes that are not commonly regulated; i.e.,
overlapping clusters from non-overlapping genes.

iPSC, induced pluripotent stem cells; OF, oncogenic foci.
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changes shared between OF and iPSCs that we observed are
not solely attributable to Myc.

To ascertain the potential influence of parental cell type
on loss of differentiation-associated gene expression during
the iPSC formation, we also examined a data set published
on iPSCs derived using bone marrow mononuclear cells (BM
iPSCs) from adult mice as starting material [38]. We gener-
ated lists of genes at least 1.5-fold downregulated in BM
iPSCs as compared to their starting cells, and then compared
that list of genes to those genes downregulated in our OF
and mESCs compared to parental MEFs (Supplementary Fig.
S7B). DAVID analysis of the overlapping genes between OF
and BM iPSCs again yielded GO clusters related to differ-
entiation. This time, however, the GO clusters of down-
regulated differentiation genes were mostly hematopoietic
specific, such as hemoglobin and oxygen transport (Supple-
mentary Fig. S7B). These findings suggest that differentia-
tion-associated gene downregulation during the iPSC
formation is a common event that shares similarities to
processes that occur during OF formation, but the specific
differentiation-associated genes that are downregulated de-
pend on the starting parental cell type.

Cellular metabolism-associated gene expression
is strongly upregulated in iPSCs and OF

When the ontology of genes upregulated in iPSCs and OF
versus MEFs was analyzed, the most common clusters in-
volved cellular metabolism in both cases (Table 1). There
were no significant ontological clusters observed when DA-
VID analysis was performed specifically on the set of iden-
tically overlapping genes upregulated in both iPSCs and OF.
However, when comparing clusters of genes uniquely up-
regulated in either iPSCs or OF, one cluster was found to be
similar: monosaccharide metabolic process (Table 1, bold).
Upon closer examination of the lists of unique genes leading
to the common GO cluster, we found that both iPSC and OF
upregulated 2 of the main regulatory enzymes in the gly-
colysis pathway, hexokinase-2 (HK2) in iPSC and the muscle
isoform of phosphofructokinase (PFKM) in OF (Supplementary
Table ST4). These data suggest that activation of monosac-
charide metabolism is an important element of transforma-
tion of fibroblasts into both iPSCs and OF, although
expression of different gene constituents of this metabolic
pathway was different in each cell type. While there were no
significant ontological clusters related to the set of over-
lapping genes between both iPSC lines and OF, there were
some functionally related genes when we made a list of
genes upregulated in either iPS1 or iPS2 in common with OF
and subjected it to STRING analysis (Supplementary Fig. S8).
Among the groups of interconnected nodes was a group,
including the metabolism-related genes Tpi1, Pfkl, Rpia,
and others.

Again, we wanted to study the dependence of gene ex-
pression changes on the specific reprogramming cocktail and
cell type of origin. We generated lists of genes that were
upregulated at least 1.5-fold in OSE iPSCs and BM iPSCs
compared to their respective cells of origin. When we com-
pared the lists generated from OSE iPSCs and BM iPSCs
separately to mESCs and OF, DAVID analysis uncovered
metabolism as a whole to be upregulated in both OSE iPSCs
and BM iPSCs. GO clusters of OSE iPSCs yielded mainly

those related to mitochondria (Supplementary Fig. S9A).
Monosaccharide metabolism was found in the GO clusters of
overlap between BM iPSCs and OF (Supplementary Fig.
S9B). GO clusters related to nucleotide binding were upre-
gulated in both OSE iPSCs and BM iPSCs suggesting an in-
creased utilization of ATP in both cell types. These results
indicate that a more active metabolism is common to OF and
iPSCs regardless of their specific reprogramming mixture,
and further, that this aspect is not dependent on the cell type
of origin. See Supplementary Figs. S10 and S11 for Venn
diagram comparisons of OSE iPSCs and BM iPSCs, respec-
tively, to iPSCs generated in this study.

Cellular transformation establishes roadblocks
to differentiation that are not readily reversed
during reprogramming

Because of the similarities in overall gene expression be-
tween OF and iPSCs as well as previous data showing that
immortalization catalyzes induced pluripotency [32], we
examined whether OF could be reprogrammed into iPSCs.
OF produced with either Myc, or MycTA + Klf4 were trans-
duced with complementary factors to complete the MKOS
mixture, but no iPSC-like colonies were observed (data not
shown). Only upon the further addition of Nanog to the re-
programming mixture were iPSC-like colonies produced,
which we termed ROF (Fig. 6 and Supplementary Fig. S2).
These colonies could be propagated and they retained their
ESC-like appearance for many weeks, suggesting they might
have been reprogrammed into iPSC-like cells. Expression of
markers of pluripotency in ROF was validated by qRT-PCR
(Fig. 2C), WB (Fig. 3A), and immunostaining (Fig. 3B–D).
The ROF also gained an iPSC-like gene expression profile,
clustering closely with iPSC in the transcriptome analysis
(Fig. 4). When the ROF were injected into immunodeficient
mice, tumors were formed in 100% of mice within 6–8 weeks.
The tumors were found to contain derivatives of all 3 germ
layers, confirming pluripotency in the ROF (Fig. 6). How-
ever, these tumors grew rapidly and were mainly composed
of undifferentiated cells, indicating the tumors were malig-
nant teratomas. This finding was further substantiated by the
inability of the ROF to fully differentiate through in vitro EB
differentiation (Fig. 6). Immunofluorescence confirmed ec-
todermal differentiation in both ROF conditions and endo-
dermal differentiation only in the ROF made from
MycTA + Klf4 OF (Fig. 6). Differentiated cells staining positive
for a-smooth muscle actin (mesodermal differentiation) were
not detected in either ROF condition in 2 independent ex-
periments. These data, taken together, indicate that onco-
genic transformation is not necessarily incompatible with
aspects of pluripotency, but can lead to cellular changes that
inhibit differentiation.

Discussion

One of the earliest assays used by tumor biologists to
measure the potential tumorigenicity of genes and by which
many of the first oncogenes were identified was the onco-
genic focus formation assay. From a historical perspective, it
is interesting that the first method to induce pluripotency
and produce iPSCs bears such striking resemblance in
methodology to the oncogenic focus formation assay. Here
we found that the similarities extend beyond the methods.
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OF cells and iPSCs, while distinct, are nonetheless surpris-
ingly similar cell types in terms of their transcriptomes.

Our findings suggest that within the shared gene ex-
pression programming between OF and iPSCs are the factors
that make iPSCs tumorigenic. Because, for the most part,
these gene expression signatures are also shared with ESCs,
they may be of particular importance for understanding
the pathogenesis of teratoma. Importantly, these putative
tumorigenicity-related factors appear to have little or noth-
ing to do with core pluripotency factors. iPSCs have been
shown to be similar to, yet distinct from ESCs in terms of
gene expression [7]. In further support of the findings of
Chin et al., [7] we only observed about 10% overlap between
genes uniquely upregulated in iPS1 and iPS2 relative to
MEFs and the published ESC-like core of genes [14]. Inter-
estingly there was *10% overlap between OF-specific genes
relative to MEFs and the ESC-like core further supporting
the notion that tumorigenic cells, though different, share
properties with ESCs.

The lack of induction of pluripotency gene expression in
OF by the combination of MycTA and Klf4 supports the idea
that the contributions of Myc and Klf4 to the iPSC formation
are mostly independent of the core pluripotency machinery.
Rather, Myc and Klf4 appear to predominantly act to enhance
iPSC formation by suppressing the expression of differenti-
ation-associated genes and by activating cellular metabolic
programs. Although Klf4 overexpression made OF more like
mESCs, surprisingly, Klf4 also made OF less like iPSCs when
not combined with Oct4, Sox2, and Nanog. Klf4 is known to
associate with and co-occupy promoters of genes in a com-
plex with Oct4 and Sox2 during reprogramming, but its ex-
pression is not limited to ESCs [47,48]. These data indicate
that the effects of Klf4 on gene expression are not strictly
stem cell-specific.

There was a slight discrepancy between the qRT-PCR
and WB data (Figs. 2C and 3A respectively) in the SV40 cells
as it pertains to their expression of markers of pluripotency.
qRT-PCR is a very sensitive assay in which very low levels of

FIG. 6. Reprogramming of OF into ROF. (A) Characterization of ROF from Myc OF (a) Phase-contrast image of Myc OF
(scale bar = 100 mm), (b) phase-contrast image of Myc ROF colonies (scale bar = 100 mm), (c) anti-Tuj (ectoderm) immuno
fluorescent (IF) stain of differentiated Myc ROF (scale bar = 200mm), (d) hematoxylin and eosin stained section of Myc ROF
teratoma showing various tissues (scale bar = 500 mm) as well as higher magnification images (scale bars = 100mm) of (e)
ectoderm, (f) endoderm, and (g) mesoderm within Myc ROF teratoma. (B) Characterization of ROF from MycTA + Klf4 OF. (a)
Phase-contrast image of MycTA + Klf4 OF (scale bar = 100mm), (b) phase-contrast image of MycTA + Klf4 ROF colonies (scale
bar = 100 mm), (c) anti-Tuj (ectoderm) IF stain of differentiated MycTA + Klf4 ROF (scale bar = 200mm), (d) anti-aFP (endoderm)
IF stain of differentiated MycTA + Klf4 ROF (scale bar = 200 mm), and (e) hematoxylin and eosin stained section of MycTA + Klf4
ROF teratoma showing various tissues (scale bar = 500mm). Higher magnification images (scale bars = 100 mm) of (f) ecto-
derm, (g) endoderm, and (h) mesoderm within MycTA + Klf4 ROF teratoma. Color images available online at www
.liebertpub.com/scd
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expression can be quantified. Indeed, while the SV40 cells
express RNAs for pluripotency markers above the level of
MEFs, their expression of those genes is far less than in
pluripotent cells. Since there is much less of these RNAs in
the SV40 cells it may lead to much less protein being made. It
is also well known that there are many factors that influence
the regulation of protein levels that are independent of RNA
levels. It is likely that the SV40 cells express these proteins at
a level lower than the detection limit of the WB assay. It is
also possible that there is some regulatory mechanism in
nonpluripotent cells that is still active in the SV40 cells that
leads to the degradation of some of those proteins.

In the case of Myc, there is existing evidence that it may
function at least, in part, during iPSC formation by directly
binding and regulating differentiation promoting target
genes [19,20], while the role of Klf4, particularly on chro-
matin, is less clear. Myc may also drive the formation of both
OF and iPSCs through promoting a highly metabolically
active state. However, it may stimulate cellular reprogram-
ming and, to some extent, tumorigenicity as well through, as
yet, unknown pluripotency-related genes. Exogenous Myc
has been used, to our knowledge, in all, but one of the
studies aimed at exploring Myc function in reprogramming.
That one study highlights the importance of endogenous
Myc during reprogramming [49]. Yamanaka and coworkers
found that L-Myc lacked the ability to transform cells, but
enhanced iPSC reprogramming efficiency [50]. Myc main-
tains the undifferentiated state of mESCs at least, in part,
through regulating miRNA expression and through its in-
fluence on chromatin [16–18]. The regulation of chromatin by
Myc is surprisingly widespread in both normal stem and
tumor cells for a basic-helix-loop-helix-zipper transcription
factor [51–54]. Myc may function in this more global manner
on chromatin during the formation of both iPSCs and OF, a
possibility being addressed by functional genomics studies
on iPSCs.

Given the similarities between OF and iPSCs, it was no-
table that OF could be reprogrammed into iPSC-like cells
(ROF), but had a somewhat reduced differentiation capacity.
Why might cancer cells be able to be induced to express a
pluripotent gene expression profile, but continue to be at
least partially resistant to differentiation? One possible ex-
planation is the heterogeneous culture conditions that arise
during reprogramming. It was published recently that nor-
mal ESCs, when cocultured with transformed ESCs, acquired
a neoplastic phenotype through cell-to-cell contact that led to
a loss of the ability of normal ESCs to fully differentiate [55].
Since only a small portion of cells is fully reprogrammed
during iPSC formation, the surrounding cells may provide
signals that lead to a diminished differentiation capacity of
the newly reprogrammed cells. Alternatively, Myc over-
expression in the absence of Oct4 and Sox2 may induce cell
injury and DNA damage [56] that renders cells incompetent
for normal differentiation and leaves them with impaired
pluripotency. Pre-existing Myc overexpression could also
sensitize the cells to subsequent transgene (e.g., Oct4) over-
expression leading to apoptosis. It is possible as well that
exogenous Myc, alone in the absence of coexpression of other
reprogramming factors, leads to unrestrained Myc activity
that irreversibly oncogenically transforms the cells leading to
partially impaired differentiation, a hallmark of many tu-
mors. Finally, elevated Myc in the absence of other repro-

gramming factors may lead to global chromatin changes in
cells that allow for induction of pluripotency, but have per-
manently silenced genes that are essential for complete dif-
ferentiation. In the presence of Oct4 and Sox2, Myc function
on chromatin may be more specific and constrained, poten-
tially through co-occupancy of some of the same target genes
[20]. There is precedent for some of these possibilities, as
multiple groups have now reported genetic and epigenetic
abnormalities attributed to iPSC formation [57].

The requirement for Nanog in addition to the other re-
programming factors to reprogram the OF is notable. It
suggests that the molecular basis for the increased difficulty
in inducing pluripotency in the OF cells may be due to events
that occurred while they were originally produced or sub-
sequently grown as OF and was not a product of the ROF
reprogramming event. However, another theory is that the
transgenes were not efficiently silenced, which rendered the
ROF unable to differentiate. Evidence for this theory includes
the observation that ROF expressed Nanog at higher levels
than that seen in iPSCs or ESCs (Fig. 3). Whatever the
mechanism, which remains an open question, the fact that
ROF were not able to differentiate as efficiently as iPSCs
suggest that faithful reprogramming of cancer cells may re-
quire a different approach from that used in reprogramming
noncancerous somatic cells, a notion supported by the re-
programming of melanoma cells using only miRNAs [58]. To
date, a number of cancer cell types have been reprogrammed
into iPS-like cells [59], including colorectal, pancreatic, he-
patocellular carcinoma, and embryonal carcinoma [60]. It is
probable that each specific type of cancer may require cus-
tomized methods for reprogramming. Our data also suggests
that the function of Myc alone is fundamentally distinct from
its activity in the presence of Klf4, Oct4, and Sox2, which has
important implications for tumorigenesis and induced plur-
ipotency.

Despite the similarities between iPSCs and OF, key dif-
ferences stood out. The OF form sarcoma, while the iPSCs
form either benign or malignant teratoma. At the molecular
level, both cell types exhibit gene expression signatures
consistent with highly active cellular metabolism relative to
parental MEFs. However, transcriptional profiling indicated
that OF likely have an even more highly active metabolic
state and, interestingly, this included the activation of pro-
tein metabolism-related genes that was not as apparent in
iPSCs. OF also exhibited activation of ontological clusters of
genes related to cell damage and an immune response, in-
dicating that oncogenic transformation is sensed by the cell
as damage and/or induces actual cell damage. The most
striking molecular feature distinguishing iPSCs from OF was
the module of induced pluripotency-related factor expres-
sion in iPSCs, including nearly all the factors shown to fa-
cilitate iPSC formation. The absence of robust induction of
these genes in OF suggests they do not play a role in the
maintenance of tumors, at least in the context here of sar-
coma. The most strongly induced pluripotency genes in
iPSCs were Oct4 and Dppa5, induced *50 and 15-fold, re-
spectively. The potential role of Dppa5 in the iPSC formation
remains unclear at this point. Dnmt3b and Dnmt3l were also
induced specifically during the iPSC formation, implicating
specific DNA methylation changes in the process. The ob-
servation of slightly enriched Mdm2 expression and the ab-
sence of the detectable p53 protein in iPSCs are intriguing
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given the links between the loss of the p53 pathway function
and induced pluripotency [28–33]. To our knowledge, our
study is the first to suggest a potential role for Mdm2 in
reprogramming. It is also interesting that expression of the
tumor suppressor Rb as well as Cdkn1a (p21) were enriched
in iPSCs over MEFs and OF, suggesting substantial com-
plexity in the changes that occur during iPSC formation.

We provide evidence that a subset of the expression
changes that are common to both OF and iPSCs are cell-type
specific. An inherent aspect of expression changes in cells
that have been reprogrammed either into pluripotent cells or
OF is the loss of the cells’ differentiation signature. In this
case, our choice of using identical starting parental cells,
while having the benefit of creating a system with genetically
identical cells, in addition, introduced a potential bias into
our comparison. This possibility was further examined by
examining the gene expression profile of BM iPSCs [38]. In-
deed, there was a decrease in expression of differentiation-
associated genes in BM iPSCs that are associated with the
parental bone marrow cells that are not shared with fibro-
blasts. This finding supports the notion that downregulation
of differentiation-associated genes is a common event during
both iPSC and OF formation, but that the nature of the
specific genes that are downregulated in each case will de-
pend largely on the starting cell type.

Taken together, our findings support a working model for
the mechanisms by which differentiated cells may acquire
either pluripotency or oncogenic transformation (Fig. 7). A
common initiating event may be repression of differentia-
tion-associated gene expression modules, while at the same
time switching to a more glycolytic metabolic state. The
cellular path then diverges depending on the genes that are
being expressed. Notably, others have successfully repro-
grammed other cancer cell lines [60] and our ROF were

highly similar, but not identical to iPSCs. In this model, on-
cogenic transformation may actually be a special case of
cellular reprogramming.

The identification of iPSC and OF as related cell types and
the description of specific molecular pathways that they
share, lays the foundation for further exploration of the
mechanism by which iPSCs form teratoma and other ma-
lignant tumors, at least in the context of fibroblasts as start-
ing cells. In that way, our studies add to the growing
knowledge base that will aid in the discovery of novel
methods to make iPSCs in a more efficient and less tumori-
genic manner. One novel type of target in this regard is
cellular metabolism. Studies of cancer-associated metabolic
reprogramming are yielding many surprising results. There
are currently several clinical trials testing anticancer drugs
that target cellular metabolism [61], one of which is specifi-
cally targeting HK2, a gene we found to be uniquely upre-
gulated in our iPSC. Our findings along with others suggest
that targeting specific metabolic pathways may enhance
the iPSC formation, while modulating others may im-
prove safety. Further study, including functional geno-
mics and metabolomics approaches will more clearly
elucidate the relationship between induced pluripotency and
tumorigenicity.
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