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Retroviral vectors remain the most efficient and widely
applied system for induction of pluripotency. However,
mutagenic effects have been documented in both labo-
ratory and clinical gene therapy studies, principally as
a result of dysregulated host gene expression in the
proximity of defined integration sites. Here, we report
that cells with characteristics of pluripotent stem cells
can be produced from normal human fibroblasts in the
absence of reprogramming transcription factors (TFs)
during lentiviral (LV) vector-mediated gene transfer.
This occurred via induced alterations in host gene and
microRNA (miRNA) expression and detrimental changes
in karyotype. These findings demonstrate that vector-
induced genotoxicity may alone play a role in somatic
cell reprogramming derivation and urges caution when
using integrating vectors in this setting. Clearer under-
standing of this process may additionally reveal novel
insights into reprogramming pathways.
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INTRODUCTION

Induced pluripotent stem cell (iPS) generation was first
described in an elegant set of experiments detailing y-retroviral-
mediated gene overexpression of pluripotency-associated, and
oncogenic, transcription factors (TFs; Sox2, c-Myc, Oct3/4, and
KLF4) in adult mouse dermal fibroblasts.! This landmark find-
ing has been confirmed in many research laboratories, using
both mouse and human fibroblasts, with Nanog and LIN28
(oncogene) capable of replacing Klf4 and cMYC.>* The find-
ing that some of the original TFs could be replaced highlighted
the potential for novel TFs to be identified in a scenario where
reprogramming is not reliant upon overexpression of the afore-
mentioned factors.

Retroviral vectors [based on y-retroviral or lentiviral (LV)
backbones] have been widely applied to this system due to their
high gene-transfer efficiency (reviewed in ref. 4). Although the
reprogramming procedure is relatively robust and validated in
several laboratories, the reprogramming efficiency remains very
low indicating that other factors may be involved as a consequence
of integration events with integrating systems. Indeed, circumstan-
tially this would appear to be confirmed with integration-free iPS
cell generation [using a variety of methods including adenoviruses,
plasmids, transposons, and recombinant proteins (reviewed in
refs. 4-7)] proving difficult in human cells and the reprogramming
efficiency decreasing substantially as compared with their integrat-
ing counterparts.*’ Several issues regarding the use of integrating
vectors (retroviral or LV) include: alteration of gene function as a
result of genomic insertion;' clonal evolution of cells due to a vec-
tor integration event activating proto-oncogenic activity; and viral
transgene reactivation."! However, owing to reprogramming effi-
ciency, these systems (especially integrating LV) remain the “gold
standard” in the laboratory setting. Mutagenic effects of retroviral
vectors are well documented in both laboratory and clinical gene
therapy studies, principally as a result of dysregulated host gene
expression in the proximity of specific integration sites.’*! It is,
therefore, conceivable that genotoxicity can in itself contribute to
reprogramming of somatic cells, either alone or in combination
with expression of relevant TFs. Thus, the effect of the LV gene
delivery per se on the recipient cells deserves careful analysis for
both laboratory and clinical applications of reprogramming.

RESULTS

Colony appearance

We transduced 2 x 10* cells/well (in 12-well plates) of primary
human fibroblast cultures (n = 7 subjects; aged 27-55 years) with
a self-inactivating (SIN) LV expressing green fluorescent protein
(GFP) under regulatory control of the spleen focus-forming virus
(SFFV) long terminal repeat sequence. Total multiplicities of
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infection (MOIs) of 0, 10, 50, and 200 were used. Subsequently,
cells were incubated in feeder-free human embryonic stem cell
(hESC) culture media.’®* At 14-21 days post-infection, colonies
of cells, hereby termed LV-induced pluripotent-like ViP cells,
with typical pluripotent morphology appeared in 200 MOI-
infected fibroblast cultures derived from 37- and 29-year-old
female and 33-year-old male (Figure 1a, Supplementary Figure
S1) but not in any other culture (overall efficiency = 0.000004%.
see Supplementary Materials and Methods for individual effi-
ciency values). Cells within colonies displayed high-level GFP
expression that was maintained for the entire duration of culture
(Figure 1a). DNA fragment analysis using microsatellite markers
confirmed that cells were derived from the parental fibroblasts
(Supplementary Table S1). Karyotyping revealed pseudohy-
potriploid cell clones with a similar broad range of genetic abnor-
malities including trisomies and tetrasomies in every cell (n = 21
cells) (Figure 1d; Supplementary Table S2). Identical chromo-
some aberrations were observed in chromosome 3, 4, 9, and 13
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in every ViP line and in chromosome 1, 3, 4, 8, 13, 22, and X in 2
out of 3 ViP lines (Supplementary Table S2). Parental cells were
46XX or 46XY karyotype (Figure 1d).

Characterization of pluripotency

Upon subculture in feeder-free hESC conditions, colony-derived
cells demonstrated the ability to self-renew, as determined by >20
passages, and formed embryoid bodies (Figure 1a). Gene expres-
sion analysis revealed a profile similar to pluripotent hESCs, with
induction of pluripotency markers (Oct4, Nanog, Sox2, DNMT3B,
and GABRB3; Figure 1b,c) and stemness markers (Lin28, TERT,
Kit, Nodal, and UTF1; Figure 1b). No expression of gene markers
from the three germ layers was detected (data not shown). Parental
fibroblasts did not express any pluripotency or stemness markers
(Figure 1b) and p53 expression was normal (Supplementary Figure
$2). ViP cells maintained in hESC culture media exhibited morpho-
logical characteristics of pluripotent stem cells and stained positive
for the classic pluripotency markers (Oct4, Tral-60, and Sox2), and
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Figure 1 Colony appearance and characterization of pluripotency. (a) Schematic and images documenting timeline of colony appearance. See also
Supplementary Figure S1 and Table S1. (b) Expression of pluripotency and stemness genes. Data are mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001
vs. hESC. In all cases, ViP cells acquire expression of pluripotency and stemness genes. (c) Western blot analysis of pluripotency markers (Oct4, Nanog,
and Sox2) protein expression. hESC (lane 1) and ViP (lane 2) cells express pluripotency genes. No expression observed in parental fibroblasts (lane 3). (d)
Karyotype analysis of ViP cells and parental fibroblasts. Cells are termed pseudohypotriploid, with a broad range of genetic abnormalities present on every
cell analyzed, including a plethora of translocations, deletions, trisomies, and tetrasomies on every chromosome. Representative images are shown for each
ViP line (n = 21 cells/clone). See also Supplementary Table S2. hESC, human embryonic stem cell; ViP, LV-induced pluripotent-like cells.
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Figure 2 In vitro and in vivo differentiation of ViP cells. (@) Immuno-
cytofluorescent analysis of ViP cells in pluripotent monolayer conditions
(expressing pluripotency markers but not differentiation markers, with
typical pluripotent morphology) and after EB passive differentiation (lack
of pluripotency markers, induction of germ layer markers and associated
morphological changes). (b) Teratoma formation in vivo. Expression of
germ layer markers and phase images. See also Supplementary Figure
$2. ViP, LV-induced pluripotent-like cells.

negative for germ layer markers: ectoderm (Paired box gene 6),
endoderm (a-fetoprotein), and mesoderm (smooth muscle actin-a;
Figure 2a). Conversely, ViP cells passively differentiated to embryoid
bodies lost expression of pluripotency markers and acquired charac-
teristic markers for the three germ layers (Figure 2a). Additionally,
ViP cells were capable of forming teratomas in vivo, containing cells
from all germ layers (Figure 2b); ectoderm (B-III tubulin), endo-
derm (a-fetoprotein), and mesoderm (a-actinin). No induction of
tumour-associated markers (data not shown) or altered p53 expres-
sion' (Supplementary Figure S2) was observed.

Genotoxic event characterization

Using comprehensive genome-wide integration site analysis and
sequencing, we identified 23 unique vector insertion sites in one
ViP cell clone (Figure 3a). Vector target site distribution showed
typical LV-specific preferences for insertions in RefSeq genes.'* We
found seven LV-tagged genes recently described as iPS signature
genes (Figure 3a).'® Furthermore, we identified two insertions in
opposite orientation spaced by 4 bp in FAM102A (Figure 3a),
recently identified as a late iPS signature gene.'” We screened for
potential dysregulation of genes located next to vector integrants
in one ViP clone. mRNA expression analysis revealed dysregula-
tion in 6/10 analyzed genes in one of the clones, including inte-
grations located in or near: DICER; methyltransferase-like 7A
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Figure 3 Proviral insertion site characterization. (a) Chromosomal
location of LV insertion sites. The distance to transcription start sites
(TSS) and the nearest Refseq genes are listed. Some of the genes
tagged by LV insertion sites were analyzed for their gene expression
status revealing genes showing increased expression compared to hESC
or parental fibroblasts (PDHA2, PRIM2, FAM102A), whereas others
showed reduced expression (METTL7A, RAD51L1, DICERT1). LV targeted
genes recently described as early, late, and common signatures'” are
marked. In total four genes (GJAS, PRIM2, METTL7A, TMEM116, ADCY?9)
described as early (*) and three genes (PRIM2, FAMT102A, C16orf73)
resembling late (**) iPSC signatures were identified. The PRIM2 gene
is also part of common (***) iPSC signatures. (b) Expression of genes
located next to vector insertion sites. Data are mean + SEM; *P < 0.05,
**P < 0.01, ***P < 0.001 vs. hESC (DICER; METTL7a; RAD51L1) and vs.
ViP (PDHA2; PRIM2; FAM102A). hES, human embryonic stem; LV, lenti-
viral; ViP, LV-induced pluripotent-like cells.

(METTL7A); RAD51L1; pyruvate dehydrogenase (lipoamide) a2
(PDHAZ2); the DNA primase polypeptide 2 (PRIM2); HOXC4; and
FAMI102A (Figure 3b). Transcript expression analysis of genes
located next to vector integrants revealed induction of expres-
sion of FAM102A, PDHA2, and PRIM2 compared to pluripotent
hESC or donor fibroblasts (Figure 3b). Furthermore, reduced
expression of METTL7A; RAD51L1, thought to be essential for
DNA repair by homologous recombination; and the microRNA
(miRNA) biogenesis regulator, DICER, was observed resulting in
levels similar to those observed in hESC (Figure 3b).

We asked whether reduced expression levels of the DICER
gene revealed any distinct miRNA expression profile in the ViP
clone. Analyses of miRNA profiles by TagMan low-density array
identified 119 miRNAs with similar levels to hESC (Figure 4a),
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Figure 4 MicroRNA expression profile. (a) Chart depicting proportional changes of miRNA expression profile. (b) Expression of (subset of) ViP-
specific miRNAs with predictive target genes located near to sites of vector integrants. Data are mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001 vs.
hESC. hESC (gray bars), ViP (black bars), parental fibroblasts (white bars). Target genes are listed in box below graph. See also Supplementary Figure
$3. hESC, human embryonic stem cell; miRNA, microRNA; ViP, LV-induced pluripotent-like cells.

and reduced expression of 155 miRNAs compared to parental
fibroblasts (Figure 4a) including the Let7 family and miR-145
(targets include pluripotency-associated genes; Supplementary
Figure S3). An additional subset of 69 ViP-specific miRNAs
(Figure 4a), with predictive target genes in the vicinity of vector
integrants, e.g. DICER and FAM102A (Figure 4b), was observed.

DISCUSSION
This study reports, for the first time, independent reprogramming
of human diploid fibroblasts from three individuals in the absence
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of transgenic reprogramming factors after LV-mediated gene
transfer. This appeared to occur via induction of DNA damage
associated with insertional mutagenesis and substantial chromo-
somal and transcriptional changes in recipient cells. Pluripotency
of human stem cells is conventionally assessed by their ability to
differentiate into all three germ layers both in vitro and in vivo,
while losing expression of pluripotency-associated genes.* ViP
cells did not express genes indicative of specific germ cell layers
when maintained under hESC culture conditions. In addition,
we demonstrated that ViP cells possessed the capability to form
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embryoid bodies in vitro and teratomas in vivo containing cells
from all three germ layers. Induction of pluripotency was not
associated with altered p53 expression, recently identified as a
gate-keeper of reprogramming.'’®** No pluripotency-associated
genes (including TERT, also associated with tumorigenesis*') were
expressed in the parental fibroblast samples, and we did not detect
any difference in p53 expression between the parental fibroblasts,
derived pluripotent-like cells and hESC samples. Together these
findings strongly suggest that the driving force behind the appear-
ance of the pluripotent-like cells in our transduced cultures was
the vector itself.

To date, no association between retroviral integration site selec-
tion and direct reprogramming has been documented,”* suggesting
that vector-mediated mutagenesis is noncontributory.*=¢ Although
there is no evidence of shared integration site selection between the
selected iPS cell lines previously analyzed,? the biological relevance
of potential vector-induced effects remain unclear, owing in part
to technological limitations in identification of all insertion sites.”
Thus, speculation regarding an existence of vector integration con-
tribution to reprogramming continues.” Using comprehensive
genome-wide integration site analysis and sequencing,”® we have
identified unique vector insertion sites in ViP cells. Interestingly, we
identified seven vector insertions within RefSeq genes,'* which have
recently been described as iPS signature genes,' and two insertions
in opposite orientation spaced by 4 bp in FAM102A, (recently iden-
tified as a late iPS signature gene)" similar to recently described
double insertions in human iPS cells.”* ViP cells demonstrated
altered expression of LV-tagged genes associated with cell cycle
and miRNA biogenesis as compared to their parental fibroblasts,
implying that cell cycle and miRNA regulation may be implicated
in the genotoxic events inducing pluripotency. miR-302, which is
highly expressed in hESCs, has been implicated in reprogramming
of tumour cells.” Alternatively, downregulation of specific miR-
NAs may be beneficial for inducing pluripotency. For instance, the
reprogramming gene Lin28 inhibits the biogenesis of the let7 fam-
ily of miRNAs.* Recent reports have confirmed that suppression
of let7 activation promotes reprogramming efficiency when com-
bined with expression of Oct4, Sox2, and KLF4.”! It has also been
recently demonstrated that miR-145, which is induced during dif-
ferentiation, silences the self-renewal and pluripotency mechanism
in ESC by directly suppressing Oct4, Sox2, and KLF4.*> Consistent
with this finding, ViP cells have reduced expression of mature miR-
145 and let-7e as compared to their parental fibroblasts, but similar
expression levels to pluripotent stem cells. Indeed the miRNA pro-
file in ViP was largely akin to that observed in hESCs. Additionally,
we identified a subset of ViP-specific miRNAs. Within this sub-
set, we observed high expression of mature miR-9 and miR-519,
both of which target DICER, expression of which was augmented
as compared with parental fibroblasts. Interestingly, ViP-specific
miR-579 and miR-650 are predicted to target FAM102A, but in ViP
cells FAM102A mRNA expression is induced when compared with
pluripotent hESC and parental fibroblasts.

Unlike most conventional iPS, all ViP lines generated in this
study were aneuploidic. However, they exhibit identical karyo-
typic abnormalities in chromosomes 3, 4, 9 and in chromosomes
1,3,4,8,13,22,and X in 2 out of 3 independently derived lines. It
is not yet clear why LV-mediated gene transfer was associated with
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aneuploidy. We did not observe cells with aneuploidy in parental
fibroblasts; therefore, we can suggest that these karyotypic changes
are restricted to the pluripotent-like ViP cells and occurred as a
consequence of vector-mediated integration and/or DNA dam-
age. Whether these cells are truly pluripotent or transformed is
not clear; however, they display a number of characteristics that
are akin to those utilized to identify human iPS cells (reviewed in
ref. 4). We observed 23 insertions in ViP cells, which is within a
similar range to that reported in a comparison of a selection of iPS
lines where the number of insertion sites ranged from 5 to 15 per
individual iPS clone.?

Current research in the reprogramming field is endeavouring
to generate transgene-free methods of deriving iPS cells but with
the caveat that reprogramming efficiency of nonintegrating sys-
tems remains very low, so the majority of research on iPS biology
as compared to hESC cells and their subsequent differentiation
for analyzing disease modeling is performed on iPS cells derived
from integrating systems of reprogramming. These data demon-
strate for the first time that a pluripotent-like cell can be derived
by integrating LV constructs in the absence of exogenous TFs and
suggests that other mechanisms in addition to the expression of
reprogramming factors could be involved in the higher incidence
of integration-vector-induced pluripotency. This is an important
consideration when analyzing data from iPS cells obtained from
integrating systems even in circumstances where the majority of
the proviral construct is excised, and has implications for inter-
pretation of studies using iPS cells.

The potential therapeutic applications of iPS cells are extensive
and without limitation; however, understanding of the interactions
that govern iPS cell generation at the molecular level is still inad-
equate, with better knowledge and identification of novel repro-
gramming factors a prerequisite for progression toward the clinic.
More broadly, integrating vectors require careful safety evaluation
relating to their application to gene therapy and cell reprogram-
ming. We have reported the generation of pluripotent-like cells
from a high dose of integrating LV in the absence of exogenous
reprogramming TFs, which suggests that there is a potential for
an integration-related phenomenon in cellular reprogramming, a
possibility that should not be discounted when analysing experi-
ments performed on cells generated from an integrating system.

MATERIALS AND METHODS

Cell lines and culture conditions. Informed patient consent was obtained
in writing from each patient before tissue collection after local ethical com-
mittee approval for the study was granted. Primary human dermal fibro-
blasts were initiated from explants obtained from punch biopsy and were
used between passages 4 and 10. All cultures were routinely cultured in
Dulbeccos modified Eagle’s medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% heat-inactivated fetal bovine serum (Invitrogen), penicil-
lin (50 ug/ml; Invitrogen), streptomycin (50 ug/ml; Invitrogen), L-glutamate
(2mmol/l ; Invitrogen) and sodium pyruvate (I mmol/l; Invitrogen),
denoted “complete media”. HEK293T cells (ATCC, Teddington, UK) were
maintained in complete media. Cell lines were cultivated at 37°C in a
humidified atmosphere containing 5% CO,.

Before LV infection, cells were seeded at a density of 2 x 10*/well (12-
well plate) on 1 mg/ml fibronectin (Merck Chemicals, Nottingham, UK) and
infected in complete media. After LV infection and cell recovery, fibroblasts
were cultured in a chemically defined media,™ supplemented with 50%
human Umbilical Wharton Inner Layer (Cellartis, Goteborg, Sweden )
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fibroblast-conditioned VitrohES media (VitroLife, Gothenburg, Sweden)
and 10 ng/ml basic fibroblast growth factor (Invitrogen). Embryoid bodies
were formed by forced aggregation as previously described* and permitted
to reattach to 1 mg/ml fibronectin-coated dishes prior to staining.

LV vectors and hESC infection. LV vectors were produced by triple transient
transfection of HEK293T cells with a packaging plasmid (pCMVA8.74),
a plasmid encoding the envelope of vesicular stomatitis virus (Plasmid
Factory, Bielefeld, Germany) and pHR-SIN-SFFV-GFP,** employing poly-
ethylenimine (Sigma-Aldrich, St Louis, MO) as previously described.* For
infection, 2 x 10* cells were transduced with pHR-SIN-SFFV-GFP lenti-
virus with an MOI of 0, 10, 50, or 200. Cells were incubated in complete
media containing LV particles and 4 ug/ml Polybrene (Sigma-Aldrich) for
18 hours at 37°C in a humidified atmosphere containing 5% CO,. LV par-
ticles were removed and media was replaced with fresh complete media for
an additional 24 hours to permit cell recovery.

mRNA and miRNA quantitative-reverse transcription-PCR analysis. Total
cellular RNA was isolated from ViP cells, parental fibroblasts or pluri-
potent hESCs with RNAeasy Mini Kit (Qiagen, Crawley, UK). mRNA
expression of 92 validated genes associated with stem cell pluripotency
and differentiation to all three germ layers were analyzed using the Human
Stem Cell Pluripotency Tagman Low-Density Array fluidic card (Applied
Biosystems, Warrington, UK). Human miRNAs were analyzed using the
Human MicroRNA Array v1.0 (Applied Biosystems). p53 expression was
analyzed using an inventoried p53-specific gene expression assay (Applied
Biosystems). The samples were run on an ABI Prism 7900Ht sequence
Detection System (Applied Biosystems) in triplicate, and mean values used
in subsequent analyses.

miRNA predictive targets. miRNA predictive targets were identified using
miRbase v14.0 and Targetscan.

Immunocytofluorescence. Cultured cells were incubated at 4°C over-
night with the following antibodies: mouse IgG monoclonal antihuman
OCT#4 (1:200; Santa Cruz Biotechnology, Heidelberg, Germany); mouse
IgG monoclonal antihuman Sox2 (1:200; Abcam, Cambridge, UK); mono-
clonal antihuman Tral-60 (1:200; Santa Cruz Biotechnology); mouse IgG
monoclonal antihuman smooth muscle actin-a (1:200; Dako UK, Ely,
UK); mouse IgG monoclonal antihuman a-fetoprotein (1:100; Abcam);
rabbit polyclonal antihuman Paired box gene 6 (1:1,000; Abcam); rabbit
polyclonal antihuman vimentin (1:200; Abcam) and detected with a 1:500
dilution of TRITC (543)-conjugated goat anti-mouse/goat anti-rabbit/
antibody (Molecular Probes, Invitrogen) in phosphate-buftered saline for
60 minutes at room temperature. Cells were counterstained and mounted
under a glass coverslip using ProLong Gold (Invitrogen). Images were
captured on the Axiovert 200M microscope (Zeiss, Hertfordshire, UK).

Teratoma generation. A volume of 1 x 10 iPS cells in matrigel (per site
per injection) were injected subcutaneously into the dorsal flank of com-
mon y—chainf/ -, RAG27/ - C57/ ~ mice. Mice were killed between 2 and 8
weeks after injection and teratoma was dissected and processed for hema-
toxylin/eosin staining and immunostaining with suitable antibodies. The
following primary antibodies along with suitable secondary conjugated
antibodies were used in this study: anti-tubulin B-III isoform (ectoder-
mal derivatives), anti-a-actinin (mesodermal derivatives), and anti-a-
fetoprotein (endodermal derivatives) (all from Millipore, Watford, UK).
All images were taken with a Zeiss Axiovert 135 inverted microscope and
edited with Adobe Photoshop CS4 software.

Comprehensive genome-wide integration site analysis. LV insertion sites
were cloned by linear amplification-mediated-PCR* and nonrestrictive
linear amplification-mediated-PCR* from 100 to 300ng genomic DNA
and sequenced by massive parallel pyrosequencing (GS FLX/454; Roche,
Mannheim, Germany). Vector—cellular junctions were bioinformaticaly
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identified using Blast2Seq and the Smith—Waterman algorithm (Jaligner).
Vector insertion loci were mapped to the human genome via BLAT
(Assembly February 2009).

Chromosome analysis. Chromosome harvesting and analysis was
performed by the West of Scotland Regional Cytogenetics Service. ViP
and fibroblast cultures at identical passage numbers were manually har-
vested using routine techniques following 3-hour incubation with 1 pug/ml
colcemid (Invitrogen). Slides were G-banded using the Thermo Scientific
Varistain Gemini (Trypsin Sigma, Leishman’s Sigma) and were scanned on
the Genetix GSL 120 (Genetix, New Milton, UK). Chromosome analysis and
checking was performed, by HPC registered Clinical Scientists, on screen
using Genetix Cytovision software (Genetix Europe, Gateshead, UK).

Statistical analysis. Before any statistical analysis data were tested for and
shown to exhibit Gaussian distribution. Gaussian distribution was deter-
mined by applying the Shapiro-Wilk normality test to the data. Where
appropriate, values were presented as means + SEM. Comparison was
determined by repeated measures analysis of variance. Significant differ-
ences were assigned using Dunnett’s post hoc test. The criterion for signifi-
cance for all tests was set at P < 0.05. Specific software was used to assist
in the data analysis (GraphPad Prism v4.0b for Macintosh; GraphPad
Software, San Diego, CA).

SUPPLEMENTARY MATERIAL

Figure $1. Morphology of pluripotent-like cell colony appearance.
Figure $2. p53 expression in hESC, ViP and parental fibroblast cells.
Figure S$3. Expression of miRNAs with pluripotency-associated
predictive target genes.

Table $1. DNA fragment analysis.

Table $2. List of chromosome aberrations.
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