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Induced pluripotent stem cells (iPSCs) can be derived
from somatic cells by gene transfer of reprogramming
transcription factors. Expression levels of these factors
strongly influence the overall efficacy to form iPSC colo-
nies, but additional contribution of stochastic cell-intrinsic
factors has been proposed. Here, we present engineered
color-coded lentiviral vectors in which codon-optimized
reprogramming factors are co-expressed by a strong
retroviral promoter that is rapidly silenced in iPSC, and
imaged the conversion of fibroblasts to iPSC. We com-
bined fluorescence microscopy with long-term single cell
tracking, and used live-cell imaging to analyze the emer-
gence and composition of early iPSC clusters. Applying
our engineered lentiviral vectors, we demonstrate that
vector silencing typically occurs prior to or simultane-
ously with the induction of an Oct4-EGFP pluripotency
marker. Around 7 days post-transduction (pt), a subfrac-
tion of cells in clonal colonies expressed Oct4-EGFP and
rapidly expanded. Cell tracking of single cell-derived
iPSC colonies supported the concept that stochastic epi-
genetic changes are necessary for reprogramming. We
also found that iPSC colonies may emerge as a genetic
mosaic originating from different clusters. Improved
vector design with continuous cell tracking thus creates
a powerful system to explore the subtle dynamics of bio-
logical processes such as early reprogramming events.
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INTRODUCTION

Differentiated somatic cells can be converted into induced pluri-
potent stem cells (iPSC) with properties similar to embryonic
stem (ES) cells by expressing a defined set of reprogramming

factors (RFs). After the first proof-of-principle was obtained and
a set of four transcription factors (Oct4, Klf4, Sox2, c-Myc) was
identified in the pioneering study, several reports have repro-
duced these findings with murine and human cells and started to
investigate the underlying mechanisms.'”” While the initial studies
used y-retroviral vectors for delivery of the RE, promising delivery
technologies such as nonviral piggyBac transposon-based vec-
tors, episomal vectors, tetracycline-regulated systems, stabilized
mRNAs,® and protein delivery via protein transduction domains
have been developed.”* Aiming for highly efficient generation of
iPSCs, polycistronic lentiviral vectors were used that co-express
all RF from one construct to ensure that all RF are available in
each transduced cell.'**

Important variables guiding reprogramming factor expres-
sion in a lentiviral context are located on the transcriptional (i.e.,
promoter choice) and post-transcriptional level. Addressing the
latter, codon-optimization of the RF (to more favored human
tRNA usage) might increase their basal expression levels'*!” due to
improved mRNA stability and translation. Likewise, the insertion
of a woodchuck hepatitis virus post-transcriptional regulatory
element (WPRE) also enhances post-transcriptional transgene
expression (mRNA stability, export, and translation).'®!* However,
both potentially beneficial avenues have not been systematically
addressed so far.

Important components of the signalling pathways involved in
reprogramming have been elucidated®® and small molecules*"*
or alternative cell sources® were introduced to enhance this pro-
cess or circumvent the need for some of the RE®2*2!2* Still, the
mechanism underlying reprogramming is poorly understood and
it remains enigmatic why only a minor fraction of cells express-
ing the RF is capable to fully convert into iPSC and where this
fraction derives from. The “stochastic” model,”® in which most
of the differentiated cells have the potential to become iPSC pre-
supposing epigenetic chromatin remodelling, has only recently
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been substantiated by Hanna ef al. using a conditional transgenic
model.” This and other groups recently investigated morphologi-
cal and molecular changes associated with reprogramming,**
and monitored these processes every few hours or days albeit
without directly marking RF expression.

In the present study, we developed fluorescence-coded len-
tiviral vectors that initially trigger high-level expression of the
RF and are rapidly silenced in reprogramming cells. Transducing
murine embryonic fibroblasts (MEFs) of an established and well-
characterized Oct4-EGFP reporter mouse strain (0G2),”* we
used continuous single-cell tracking® with short intervals (min-
utes)*** to film the “birth” of pluripotent cells in cell clusters
expressing and silencing the RF. Kinetic analyses and cell track-
ing provided supporting evidence for the stochastic emergence
of reprogrammed cells. Our data also showed that early clonal
colonies containing reprogrammed cells are frequently contami-
nated with cells that fail to undergo full reprogramming, and that
iPSC colonies are often invaded by cells derived from surround-
ing clusters.

RESULTS

Design of lentiviral vectors promoting efficient

onset of reprogramming gene expression

and fast epigenetic silencing in pluripotent cells

Our developed modular lentiviral vector system encodes murine
or human versions of the canonical RF (Oct4, Kl1f4, Sox2, c-Myc).
We aimed for a functional, easily interchangeable design allowing
efficient coexpression of RF and a fluorescent marker (preferably
dTomato or a nuclear-localized derivative for cell tracking in con-
densed cell clusters) on the same mRNA to monitor RF expres-
sion. We constructed either 1-factor vectors (expressing just one
RF) or combinatorial (3-in-1 or 4-in-1) constructs coexpressing
Oct4, K1f4, Sox2, and optionally c-Myc via different 2A-proteinase
sites® (Figure 1), that have previously been shown to mediate
almost complete separation of recombinant proteins. In addition,
we introduced a number of modifications to the expression cassette
to improve RF and fluorescent marker expression, as conversion
to pluripotency requires robust RF expression and a clear fluo-
rescence signal is a prerequisite for imaging/cell tracking studies.
Therefore, we modified mRNA processing by equipping the fully
sequenced complementary DNAs (cDNAs) with a Kozak consen-
sus element for efficient initiation of translation and added a well-
characterized post-transcriptional regulatory element derived
from the woodchuck hepatitis virus (WPRE).'*" Furthermore, we
tested different promoters (PGK: phosphoglycerokinase; UCOE:
ubiquitous chromatin opening element; SFFV: spleen focus-form-
ing virus U3 promoter) and introduced synthetic cDNAs for the
RF in which codon usage was optimized for expression in human
and murine cells.'®'” In addition, by this approach eight putative
splice donor sequences were removed from the 4-in-1 vector.
Codon-optimization generally resulted in enhanced expression
levels of the individual murine and human RF and also increased
the expression from the multicistronic 3-in-1 and 4-in-1 vec-
tors (Figure 2a-d and Supplementary Figure S1). Most of our
expression comparisons were based on dTomato fluorescence
intensity measured by flow cytometry. This primarily reflects gen-
eral increases in mRNA stability by codon-optimization of the RE.
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Figure 1 Design of 1-factor and combinatorial multicistronic repro-
gramming vectors. (a) Modular configuration of the self-inactivating
(SIN) vector backbones for expression of the murine (m) or human
(h) reprogramming factor (RF) Oct4, KIf4, Sox2, and c-Myc, option-
ally codon-optimized (co). A marks the SIN configuration with partially
deleted U3 of the 3’ long terminal repeat. cPPT, central polypurine tract;
FP, fluorescent protein (green: GFP; red: dTomato; yellow: Venus); IRES,
internal ribosomal entry site; nuc, nuclear membrane-localized deriva-
tive; PRE, post-transcriptional regulatory element; RRE, rev-responsive
element; RSV, Rous sarcoma virus U3 promoter; SA, splice acceptor; SD,
splice donor; SFFV, spleen focus-forming virus promoter; vy, packaging
signal. (b) Multicistronic all-in-one SIN vectors expressing either 4 or 3 RF
via 2A self-cleavage sites. cDNA, complementary DNA; E2A, equine rhini-
tis A virus 2A; P2A, porcine teschovirus 2A; T2A, thosea asigna virus 2A.

Immunoblot analysis of cells transduced with 1-factor and multi-
cistronic (3-in-1 and 4-in-1) vectors showed clearly improved RF
expression (Figure 2e).

We and others had previously demonstrated that addition of
the wPRE element clearly increased the expression of transgenic
EGFP (up to eightfold) and virus titer."”” As effects of the wPRE
are often context dependent, we evaluated the inclusion of wPRE
in the multicistronic PGK driven 4-in-1 vector. Here, increased
dTomato expression (located on the same mRNA as the RFs) was
visible (Figure 2c), and the titer improved more than fivefold
when the wPRE was present (data not shown).

Of special importance for the present study is our choice of
a retroviral promoter (SFFV), which mediates efficient expres-
sion in fibroblasts and other somatic cell types® but is rapidly
silenced in cells undergoing epigenetic remodelling,”* as indi-
cated in differentiating ES cells (Supplementary Figure S2) as
well as reprogramming cells (see below). Furthermore, SFFV
mediated an at least fourfold higher transgene expression as
compared to the PGK and UCOE promoter elements (see below;
Figure 2c-e and Supplementary Figure S1). The SFFV pro-
moter thus leads to an easily separable population of RF express-
ing cells, as required for imaging and cell tracking (Figure 2d
and Supplementary Figure S1).

Taken together, the combination of transcriptional (promoter
choice) and post-transcriptional modifications generated an
improved vector backbone with relatively high RF expression and
clearly visible fluorescent marker expression.
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Figure 2 Increased reprogramming factor (RF) expression by vector modifications. Effects of codon-optimization of RF on dTomato (located
on the same mRNA) expression demonstrated by changes in fluorescence intensity. Changes are illustrated regarding the human (a) Oct4 1-fac-
tor vector, (b) combinatorial 3(factors)-in-1, and (c) 4(factors)-in-1 vectors. For the latter 4-in-1 reprogramming cassette also influences of differ-
ent promoters (PGK, phosphoglycerokinase; UCOE, ubiquitous chromatin opening element; SF, spleen focus) and the woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) are shown (PRE/wWPRE). (d) Flow cytometry analysis comparing dTomato expression from codon-
optimized 4-in-1 reprogramming vectors mediated by the PGK and SFFV promoter. (e) Influences of codon-optimization and promoter choice on

protein levels of the RF.

Evidence for efficient reprogramming

by the described vector system

Using these modified vectors, we first validated our approach
for iPSC generation. Supplementary Figure S3 shows the cor-
rect processing of reprogramming factor mRNAs and proteins.
When transducing OG2 MEFs, we relied on EGFP expression
as a sensitive indicator for the activation of a pluripotency-asso-
ciated transcriptional network (see Figure 3a for overview of
experimental system), as validated earlier.”-** This reporter was
also shown to correlate with SSEA-1 and Oct4 expression in iPS
lines (Supplementary Figure S4a,b). Based on the detection of
EGFP* cells, reprogramming in presence of valproic acid was
triggered with high efficiency (>10% Oct4-EGFP™ cells at day 11
post-transduction (pt); Figure 3b). We picked single colonies and
demonstrated ES cell-like morphology and marker expression
in representative iPSC colonies (Figure 3¢ and Supplementary
Figure S4) obtained with a cocktail of RF or alternatively a “4-in-1”
construct. Nanog and Oct4 promoters were widely unmethylated,
as typically observed in ES cells (Supplementary Figure S5). iPSC
lines were competent to form teratoma with differentiation to the
three germ layers after injection into flanks of immunodeficient
mice (Supplementary Figure S6). Furthermore, the developed
vectors efficiently converted other cell types such as adult fibro-
blasts, bone-marrow-derived mesenchymal cells or blood cells
into permanent iPSC lines with ES-like morphology and pluripo-
tency marker expression (T. Cantz, E. Warlich, J. Kuehle, and A.
Schambach, unpublished results).
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Figure 3 Efficient reprogramming by the novel vector system.
(a) Schematic illustration of reprogramming by virus-encoded trans-
duction of Oct4-EGFP (OG2) transgenic murine embryonic fibroblasts
(MEFs). (b) Representative flow cytometry analysis of Oct4-EGFP expres-
sion in OG2 MEFs 11 days post-transduction with all 4 factors (lower) and
their untransduced counterparts (upper). (c) Fluorescence microscopy of
selected OG2-derived induced pluripotent stem cell (iPSC) clones dem-
onstrating embryonic stem cell morphology and Oct4-EGFP activation.
Upper brightfield, middle EGFP fluorescence, lower overlay.
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Kinetic analysis of early reprogramming

Next, we applied our lentiviral reprogramming vectors to moni-
tor the kinetics of successful reprogramming. After transduction
of OG2 MEFs red fluorescence indicated RF expression, while
green fluorescence in combination with careful morphological
analyses indicated the emergence of iPSC. EGFP half-life time
had previously been determined to be in the range of 20 hours
with maturation occurring within 30 minutes and our data indi-
cate that the half-life of dTomato is likely to be in the range of
hours. We co-transduced OG2 MEFs with all four single-factor
reprogramming vectors (the Sox2 transgene linked to an IRES-
dTomato cassette), monitoring the time window of day 4.5 to day
11.5 pt. While red fluorescent transduced cells displayed signifi-
cant variance in the formation of cell clusters with a converted
morphology, we identified—with some variance—the emergence
of colonies containing cells with a characteristic ES-like pheno-
type around day 7 pt. The onset of EGFP expression occurred
as little as 3 hours until >60 hours after the emergence of these
colonies (Figure 4a). These putative pluripotent EGFPT cells
appeared within colonies of transduced dTomato™ cells and
rapidly expanded. While tracking of individual cells expressing
EGFP is difficult in the condensed structure of late colonies, the
investigation of doubling times in the limited number of “early-
onset” EGFP cells suggested proliferation rates around 10 hours
(Figure 4b) similar to the previously determined proliferation
rates of ES cells.*>** In line with this, time-lapse observation sug-
gested the absence of frequent apoptotic events in RF transduced
cells. However, an additional conversion of further cells within
the colony from dTomato to EGFP expression might also contrib-
ute to the rapid expansion of EGFP™ cells. Despite this expansion
the majority of iPSC-bearing colonies also contained cells that
failed to be reprogrammed within the observation period and
often continued to express the exogenous RF (Supplementary
Videos Sla,b and S2).

The results obtained from live-cell imaging were confirmed
using a “4-in-1” vector in which we linked codon-optimized
cDNAs of Oct4, Klf4, Sox2, and wild-type c-Myc, devoid of
untranslated sequences, by different 2A self-cleavage sites coupled
with the dTomato transgene (via an IRES site) (Figure 1b). With
this vector, analysis of iPSC containing colonies by flow cytometry
(Figure 4c and Supplementary Figure S7a) revealed a downregu-
lation of SFFV-driven dTomato expression in emerging EGFP™*
cells. Individual cells coexpressing EGFP and dTomato were hardly
observed (<2% double positive cells) at early time points and were
almost completely absent 11 days pt. Considering the necessity
for dTomato degradation or dilution in proliferating cells and the
requirement for EGFP accumulation, these data indicate that vec-
tor silencing typically occurred even before or at least simultane-
ously with the induction of the Oct4-EGFP allele.

Apoptome 3D-microscopy-based reconstruction showed that
colonies were composed of both, EGFP* potential iPSC and dTo-
mato cells still expressing the RE, whereas cells coexpressing both
markers were rare (Figure 4d and Supplementary Video S3). In
summary, these studies underlined that we developed a system in
which the onset and silencing of reprogramming factor expres-
sion can be monitored with high sensitivity, and which shows a
remarkable frequency of reprogramming cassette silencing in
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Figure 4 Typical events in the early stages of reprogramming. (a)
Colony-wise analysis of time-lapse imaging recorded over a period of 7
days (days 4.5-11.5) following co-transduction of OG2 murine embry-
onic fibroblasts with all four reprogramming factors. Analyzed are the
emergence of embryonic stem (ES) cell-like morphology (ES-like, n = 21,
left plot) and onset of Oct4-EGFP in these colonies (middle and right
plot, At = t(onset EGFP)-t(colony occurrence)). EGFP also appeared in
many proliferative clusters that did not demonstrate all criteria for ES cell-
like morphology (no ES, n = 33, central plot). Boxes extend from 25th
to 75th percentile with line at median and whiskers spanning minimum
to maximum. (b) Analysis of doubling times in early EGFP* ancestors of
reprogramming factor transduced cells by time-lapse imaging. Hatched
line indicates doubling times of ES cells as previously described.*? (c)
Expression levels of fluorescent markers in induced pluripotent stem cell
(iPSC)-like cells as analyzed by flow cytometry 15 days post-transduction
(pt) using a 4-in-1 vector linked to internal ribosomal entry site (IRES)-
dTomato. A homogeneous cell population resembling the size of iPSC
was gated. (d) 3D-microscopy of an iPSC-like colony (induced using a
4-in-1 vector linked to IRES-dTomato) on day 13 pt. The view from above
is shown with z sections in the x and y planes (depicted on the right and
below). White lines indicate where the sections have been made.

reprogramming cells especially when using a cassette for combi-
natorial expression of RE.

Heterogeneity of iPSC colony composition

and of induction of reprogramming

When undertaking a careful analysis of reprogramming colony
composition in the first days after transduction with RE, we
observed frequent heterogeneity of Oct4-EGFP expression in
iPSC colonies. EGFP not only occurred with some variance after
emergence of ES-like colonies, but also rather appeared at one or
more distinct spots within a colony than being homogenously
distributed (Supplementary Videos Sla,b, S2, S5b, and $6).
Interestingly, EGFP also occurred in a number of colonies that
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Oct4-EGFP

dTomato/EGFP overlay

Figure 5 Exemplary sequence of induced pluripotent stem cell
(iPSC)-like colony development and associated marker expression.
A single fibroblast (1) (a) transduced with a 4-in-1 reprogramming
vector (linked to nuclear-localized dTomato), (b) gives rise to prog-
eny (serially numbered and tracked in orange, also see tracking tree in
Supplementary Figure $8), (c) that adopts an iPSC-like morphology.
(d) Consecutively, an Oct4-EGFP reporter switches on in a subset of cells.
Left phase contrast; middle nuclear-localized dTomato; right Oct4-EGFP
signal. (e) An overlay is shown of the dTomato-nucMembrane signal and
the Oct4-EGFP of the same colony as in d.

displayed a transformed phenotype rather than matching all mor-
phological criteria of ES cells (round, sharp border, shiny, compact
structure) (Figure 4a). While early after colony formation, cells
expressed at least one of the fluorescence markers, occasionally
some cells within a colony neither expressed the RF nor the Oct4-
EGFP reporter at later time points (Supplementary Figure S7b).

To further ease the traceability of individual cells within com-
pacted iPS colonies, we employed nuclear Venus or dTomato
(Supplementary Video S4, also see text below). Due to the high
resolution of the time-lapse imaging we were able to document
that many colonies did not arise from single-transduced cells, but
rather incorporated neighboring transduced cells while proliferat-
ing. Also, confluence of neighboring colonies was not only often
observed (Supplementary Video Sla) and most pronounced at
high reprogramming efficiencies but also with remarkable fre-
quency at relatively low plating densities. As a consequence, “colo-
nies” were in part nonclonal, likely containing cells with different
vector integration sites, and at different reprogramming levels.
Both findings, colony aggregation and EGFP pattern, reflect the
potentially genetic and epigenetic heterogeneity of iPSC colonies
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and underline the power of high-frequency imaging even for
compacted and fast-dividing cells such as iPSC.

Time-lapse imaging allowed tracking of iPSC colony genera-
tion from a single cell (Figure 5, Supplementary Figure S8 and
Videos S5a,b and S6) based on the software tool (TTT). Previous
studies described a discrepancy between the number of genetically
modified cells and successfully reprogrammed cells, suggestive of
stochastic gate-keeping events. To investigate the clonal deriva-
tion of the subset of successfully reprogrammed cells in detail, we
initiated continuous cell tracking reflecting RF and pluripotency
marker expression under real-time conditions from very early
time points (from day 4.5 until day 11.5 pt). Since a single-trans-
duced cell gives rise to genetically identical progeny, the influence
of secondary events can be investigated. In Figure 5 (sequential
picture panel) and Supplementary Video S5a,b we documented
such a case, in which only a fraction of the genetically identical
progeny from a single-transduced (red) cell switched on Oct4-
EGFP. To illustrate the clonality during iPS emergence, single
colony forming cells and their progeny were tracked with TTT
(Supplementary Video S5a and Figure S8). We confirmed these
data in a second setting, in which we used a 4-in-1 cassette linked
to the newly developed nuclear-localized dTomato to ease single
cell tracking and monitored a wider time window (days 1-13 pt)
(Supplementary Video S6).

Taken together, the combination of our vector system with
high-frequency live-cell imaging allowed us to capture the conver-
sion from RF expression to the induction of pluripotency mark-
ers, and to document the substantial heterogeneity within a clonal
colony of genetically identical cells undergoing reprogramming.

DISCUSSION

We developed and validated lentiviral vectors which express the
RF from codon-optimized coexpression cassettes under control
of a retroviral promoter with high activity in somatic cells but
rapid silencing in pluripotent cells. Of note, we used a vector
backbone with a primer binding site not sensitive to TRIM28-
mediated silencing,* because this mechanism is also potentially
active in some somatic cells®® which would hamper reprogram-
ming. Employing codon-optimized transgene sequences not only
increases vector expression'® but also facilitates the discrimi-
nation between endogenous and exogenous RF (with identical
protein sequence) based on PCR. Our system could thus, e.g., be
used to determine copy numbers of integrates or to investigate
the expression, silencing and reactivation of the factors even in
absence of fluorescent markers.

As functional validation, we used the described vector system
in the current study to visualize the early stages of reprogram-
ming by monitoring the emergence of iPSC within cell colonies
expressing and silencing the canonical RE. In MEFs with a trans-
genic Oct4 indicator system, we analyzed the subsequent dynamic
changes by serial microscopy, including Apotome 3D reconstruc-
tion and time-lapse fluorescence microscopy, the latter enabled
by an advanced live-cell imaging tool called TTT. This program
has previously been validated to provide reliable kinetic analyses
of cell fate dynamics over several days of observation. In these
studies, TTT was successfully used for demonstrating the con-
tinuous single-cell imaging of blood generation from hemogenic
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endothelium® and the instructive character of extrinsic cytokines
to direct hematopoietic progenitor lineage choice.* Thus, this was
an ideal sensitive experimental system to monitor the early stages
of reprogramming with high temporal resolution to confirm and
expand recently published data from other groups:

(i) RF expression was efficiently downregulated simultaneously
or even before the expression of endogenous Oct4 pronounced
especially at late time points after transduction (>12d) and when a
4-in-1 reprogramming vector was used (Supplementary Video S3
and Figure 4c,d). (ii) Confluence of neighboring unrelated cells or
colonies frequently resulted in genetic mosaics (Supplementary
Video Sla), especially with increasing reprogramming efficiency.
(iii) We could track the apparently random birth of iPSC-like cells
in multiple locations of single cell-derived colonies expressing RE,
surrounded by a majority of transduced cells that failed to express
the Oct4-EGFP reprogramming marker (Supplementary Videos
S5a,b and S6).

Sadelain and colleagues®” have generated human iPSCs
derived from bicistronic lentiviral vectors coexpressing each sin-
gle reprogramming factor with a fluorescent protein. In line with
another study which suggested that the epigenetic extinction of
the transgene cassette is mechanistically advantageous to acquire
pluripotency,* Sadelain et al. suggested that “pronounced (vector)
silencing is a hallmark of successful reprogramming” and that it
“follows the acquisition of pluripotent cell markers”* Due to the
20-120-fold higher temporal resolution of our approach our data
suggest that vector silencing may rather be a prerequisite for the
switch to the pluripotent state as prolonged ectopic RF expression
may interfere with induction or maintenance of a delicately bal-
anced pluripotency transcriptional network needed for pluripo-
tent cell homeostasis.”’

By analyzing the average output of populations of repro-
grammed cells, first evidence for the epigenetic stochasticity of
reprogramming was obtained.?® Here, we provide supporting evi-
dence for stochastic reprogramming by analyzing not only anony-
mous populations, but also individual cells in live-cell imaging
with high temporal resolution. These findings argue in support of
Yamanaka’s hypothesis of a stochastic model for iPSC generation,?
and our experimental system may not only be useful to address
this important point but also to examine the role of small mol-
ecules and genetic determinants of the reprogramming process.

In a recent study, serial photographic imaging allowed the
distinction of hiPSC from partially reprogrammed cells.”® Here,
vector expression and pluripotency markers monitored every 2-3
days revealed that proviral silencing and pluripotency marker
expression indicate the fully reprogrammed state. The authors also
reported the conversion of partially to fully reprogrammed cells
in a subset of cells within colonies. However, imaging in 2-day
intervals does not rule out the possibility of a nonclonal situation,
as our present investigations suggest the frequent genetic hetero-
geneity of iPSC colonies. Recently, Smith and colleagues used
fluorescently labelled fibroblasts and analyzed their fate during
the reprogramming process using live-cell imaging.?” However,
the fluorescent proteins (actin fusion proteins) marked the entire
cells but did not monitor the reprogramming process itself. Thus,
it was still difficult to track single converting cells. In our study,
the small time intervals (every 12 minutes to 2 hours) allowed the
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tracking of single-cell fate demonstrating that early colonies often
reflect mosaics or patchworks formed on the basis of an epige-
netic variability within transduced cells in conjunction with the
potential confluence of neighboring transduced cells and colo-
nies. Detailed studies aimed at the characterization of molecular
events supporting the early stages of reprogramming should thus
use advanced methods of cell purification to address the correct
cell source, e.g., using antibody-based methods or the EOS pluri-
potency indicator.*

In summary, improved vector design with continuous live sin-
gle-cell observation at high temporal resolution creates a powerful
system to assess the subtle kinetics and morphology during bio-
logical processes such as the early stages of reprogramming. The
experimental system described herein could be useful to further
explore reprogramming events as well as to screen pluripotency
markers, reprogramming factor candidates, roadblock inhibi-
tors, supporting micro-environments, and other novel tools for
reprogramming.

MATERIALS AND METHODS

Ethics statement. All animal work has been performed strictly accord-
ing to institutional guidelines and national regulations and was approved
by the state office for protection of nature, environment, and consumers
(LANUV) of North-Rhine Westphalia, Germany.

Vector construction. To construct a modular set of lentiviral reprogram-
ming vectors, we used a 3rd generation lentiviral vector* (pRRL.PPT.PGK.
EGFPpre, kindly provided by L Naldini, Milano, Italy) and equipped it with
Nhel, Agel and Sall sites.” We introduced the retroviral SFFV U3 promoter
amplified via PCR as Nhel and Agel fragment. The human and murine
c¢DNAs encoding the RF Oct4, Sox2, Kl1f4, and c-Myc were engineered with
a Kozak sequence and amplified as Agel and Sall fragments via Pfu PCR.
Furthermore, cDNAs for Oct4, Klf4, Sox2 were codon-optimized (Mr.
Gene, Regensburg, Germany), thereby improving translation, mRNA half-
life time, and removing cryptic splice and polyA sites.'®'” To allow tracking
of reprogramming factor expression, we introduced fluorescent markers,
namely EGFP, Venus (YFP derivative, here nuclear localized), and the red
fluorescent protein dTomato, viaan EMCV IRES (internal ribosomal entry
site) sequence in the Sall site downstream of the RE We also constructed
3-in-1 or 4-in-1 lentiviral vectors harboring Oct4, Sox2, Klf4 (3-in-1) plus
optionally c-Myc (4-in-1), linked by 2A self-cleavage sites (as described
in Figure 1), and equipped them with an IRES-dTomato cassette. To ease
single-cell tracking, we additionally used a nuclear-localized dTomato
(dTomato-nucMembrane). For promoter activity comparison we equipped
the 4-in-1 constructs alternatively with the PGK and UCOE promoters. All
constructs were validated by sequencing. Cloning details are available on
request. See Supplementary Materials and Methods for primer details.

Cell lines, vector production, and lentiviral transduction. Murine (SC-1)
and human HT1080 fibroblast lines, and the human embryonic kidney
line 293T were cultured in Dulbeccos modified Eagle’s medium (PAA,
Pasching, Austria) supplemented with 10% fetal calf serum (PAA), 2
mmol/l L-glutamine and sodium pyruvate (all PAA).

Virus production was performed as previously described.” In short,
5 x 10° 293T cells were seeded 24 hours prior to transfection in 10cm
dishes. Cells underwent transfection with 5ug lentiviral vector, 12ug
pcDNA3.GP4xCTE (expressing HIV-1 gag/pol), 5 ug pRSV-Rev and
1.5ug pMD.G (encoding the vesicular stomatitis virus glycoprotein)
using the calcium phosphate method in presence of 10 mmol/l HEPES and
25 umol/l chloroquine. Supernatants were harvested at time points 24, 36,
48, and 60 hours after transfection, filtered and optionally concentrated
using ultracentrifugation. Titration was performed on HT1080 and SC-1
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fibroblasts 5 days after transduction as previously described.” Fluorescence
intensity was measured via flow cytometry (see below).

iPSC generation and cultivation. MEFs were prepared from pregnant
(day 13.5 dpc) C3H (Charles River, Sulzfeld, Germany) and OG2 mice,”
and cultured on 0.1% gelatin-coated dishes in MEF medium (low glu-
cose Dulbeccos modified Eagle’s medium, 10% fetal calf serum, 1 mmol/l
L-glutamine (all from PAA), 0.1 mmol/l nonessential amino acids (Gibco,
Karlsruhe, Germany), 100 pmol/l B-mercaptoethanol (Sigma, Seelze,
Germany), 100 units/ml penicillin/100 pg/ml streptomycin (PAA)). To
function as feeder layers, C3H MEFs were grown to confluence and inac-
tivated with 10 pg/ml mitomycin C (Sigma). To generate iPSC, 5-7 x 10*
MEFs (passage 1-3) were seeded in MEF medium in a 6-well plate 24
hours prior to transduction. MEFs were transduced with different lentiviral
vectors encoding for Oct4, Klf4, Sox2, and/or c-Myc in presence of 4 g/
ml protamine sulfate for 8-16 hours. Cells were further cultured in MEF
medium until day 4 pt and thereafter in ES medium (knockout Dulbeccos
modified Eagle’s medium (Gibco), 15% ES-tested fetal calf serum (PAA), 1
mmol/l L-glutamine (PAA), 0.1 mmol/l nonessential amino acids (Gibco),
100 umol/l B-mercaptoethanol (Sigma), 100 units/ml penicillin/100 pg/ml
streptomycin (PAA) and 10° units/ml leukemia inhibitory factor (provided
by the Max-Planck-Institute, Miinster, Germany, and the Department of
Technical Chemistry, University Hannover, Germany)). From day 2 to 9
media were supplemented with 2 mmol/l valproic acid (Sanofi-Aventis,
Frankfurt, Germany) as previously described.** Cells were either harvested
via trypsinization and transferred onto mitomycin C-treated MEF feeders
4-7 days pt or reprogrammed “feeder-free” until picking of single clones
(latest 15 days pt). Upon appearance of ESC-like colonies, single colonies
were picked based on morphology and, in case of OG2, EGFP expression,
and expanded on MEF feeder cells. ES medium was replaced every 1-3
days and iPSC was splitted every 3—4 days.

Time-lapse imaging and single-cell tracking. Long-term time-lapse imag-
ing and single-cell tracking was done as described previously.*** In brief,
OG2 MEFs were transduced with fluorescently labeled LV SIN (self-inacti-
vating) vectors expressing hOct4, hSox2, hKlf4, and hc-Myec. First, we used
four single-factor vectors in which hSox2 was linked to an IRES-dTomato
cassette. Second, transduction was performed with a 3-in-1 construct with
hOct4, hKlf4, hSox2 linked to IRES-dTomato plus a single-factor hc-Myc
vector with IRES-Venus-nucMembrane cassette (nuclear-localized Venus).
Third, for even better single-cell tracking, a 4-in-1 construct linked to an
IRES-dTomato-nucMembrane sequence was used for reprogramming. In
setup 1 and 2, transduced MEFs were transferred onto C3H feeder cells in
a T12.5 flask (BD, Heidelberg, Germany) 4 days pt and further cultured in
pregased medium. Live-cell imaging was performed at 37 °C from day 4.5
to day 11.5. Phase contrast pictures were acquired every 12 minutes, EGFP
and dTomato fluorescence every 2.5 hours. In setup 3, transduced MEFs
were maintained in situ and imaged from day 1 to day 13. Phase contrast
and dTomato fluorescence pictures were taken every 12 minutes. EGFP was
monitored in 2.5 hours (days 1-4) or 25-minute intervals (days 5-13).

Time-lapse microscopy was performed using a CellObserver system
(Zeiss, Jena, Germany) equipped with a x5 phase contrast objective (Zeiss),
and an AxioCamHRm camera (at 1388 x 1040 pixel resolution) with
Zeiss AxioVision 4.5 software. A mercury lamp (HBO103W/2) (Osram,
Augsburg, Germany) was used for fluorescence illumination. EGFP and
dTomato were detected using the Zeiss filter set 46HE at 1,300 ms and the
Zeiss filter set 43HE at 400 ms, respectively.

Single-cell tracking was performed using a self-written computer
program (TTT) on Siemens Celsius R630 workstations with 4 GB of
RAM and SUSE Linux (10.1) operating systems with KDE desktop.
The tracking trees served to determine doubling times (for example see
Supplementary Figure S8). Videos were assembled using Quick Time
Player Pro Ver7.62 (Apple, Cupertino, CA). Examples of videos are
displayed in Supplementary Videos S1-S6.
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Apotome fluorescence microscopy for analysis of iPS colony structure. For
structural analysis OG2 MEFs were reprogrammed (using a 4-in-1 vector
with IRES-dTomato cassette). Structured illumination microscopy was used
to acquire optical sections of iPS-like colonies (Supplementary Video S3).
For this purpose single iPS-like colonies were picked 13 days pt, trans-
ferred onto microscopical slides and embedded in Mowiol (Calbiochem,
Schwalbach, Germany) for optimized optical analyses. Imaging was per-
formed with an Axiovert 200M microscope (Zeiss) equipped with a x40
objective (0.95 numeric aperture) and the Apotome slider (Zeiss). Imaris
software (Bitplane, Zurich, Switzerland) was used for 3D visualization of
raw images and colocalization analysis.

Flow cytometry. For monitoring fluorescent marker expression (Venus,
EGFP, dTomato), cells were harvested, washed with phosphate-buffered
saline, measured on a FACSCalibur or LSRII (Becton Dickinson,
Heidelberg, Germany) using CellQuest, FACSDiva (Becton Dickinson) or
Flow]Jo software (Tree Star, Ashland, OR). A gate was set on a homogeneous
cell population, as determined by scatter characteristics, and 20,000 events
were monitored. A marker gate was set to calculate the percentage and
mean fluorescence intensity of positive cells.

Western blot. For protein isolation, cells were lysed in the presence of pro-
tease inhibitors (Complete Mini, Roche, Penzberg, Germany). 10-15ug
denatured proteins were separated on 12.5% sodium dodecyl sulfate-
polyacrylamide gels. Proteins were transferred to a nitrocellulose mem-
brane (Whatman, Dassel, Germany) via tank blot technique. Unspecific
binding was blocked with 3% dry milk in TBS/0.05% Tween for at least 30
minutes and membranes stained with primary antibody in recommended
dilution (anti-c-Myc: sc-40, anti-Oct4: sc-5279, anti-GKIf: sc-20691 and
anti-Sox2: sc-17320, Santa Cruz, Heidelberg, Germany) at 4 °C overnight.
After rinsing membranes were stained in appropriate peroxidase-conju-
gated secondary antibodies (Santa Cruz, Heidelberg, Germany) for 1 hour
at room temperature, detection was performed by enhanced chemolumi-
nescence (Thermo Scientific, Langenselbold, Germany) following manu-
facturer’s instructions.

SUPPLEMENTARY MATERIAL

Figure S$1. Schematic overview of vector modifications and resulting
effects.

Figure S2. Promoter expression characteristics in undifferentiated or
differentiating ES cells.

Figure $3. Correct processing of reprogramming factor RNA and
protein.

Figure S4. Analysis of ES cell marker expression in iPSC clones.
Figure $5. Endogenous Nanog and Oct4 promoters are highly unm-
ethylated in generated iPSC clones.

Figure $6. Teratoma formation.

Figure $7. Relation of Oct4-EGFP reporter and reprogramming fac-
tor expression.

Figure $8. Exemplary single-cell tracking tree of a transduced fibro-
blast and its progeny.

Video S1. Heterogeneity of early reprogramming.

Video S2. Rapid expansion of Oct4-EGFP expressing iPS-like cells.
Video $3. Structured illumination microscopy of an induced pluripo-
tent stem (iPS)-like colony 15 days after transduction.

Video $4. Dynamics of induced pluripotent stem cell (iPSC)
generation.

Video $5. Stochastic character of reprogramming.

Video $6. Stochasticity of reprogramming.

Materials and Methods.
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