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Significance

Due to the heterogeneity and low 
efficiency of the primary cell 
reprogramming process, it has 
been challenging to identify and 
isolate the reprogramming 
initiating cells. To address this 
limitation, we engineered 
transgenic mice, from which 
many, if not all, cell types can be 
efficiently reprogrammed in vitro 
to produce induced pluripotent 
stem cells (iPSCs). We report the 
generation of two 
reprogrammable mouse lines 
whose cells reach pluripotency at 
an efficiency that highly exceeds 
that of previously described 
reprogramming systems. We 
incorporated two fluorescent 
reporters that enable partially 
and completely reprogrammed 
cells to be tracked and isolated. 
These reprogramming systems 
will facilitate the investigation of 
molecular events during somatic 
cell reprogramming and allow 
the future development of 
pluripotent cell therapeutic 
derivatives.
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Revealing the molecular events associated with reprogramming different somatic cell 
types to pluripotency is critical for understanding the characteristics of induced pluri-
potent stem cell (iPSC) therapeutic derivatives. Inducible reprogramming factor trans-
genic cells or animals—designated as secondary (2°) reprogramming systems—not only 
provide excellent experimental tools for such studies but also offer a strategy to study 
the variances in cellular reprogramming outcomes due to different in vitro and in vivo 
environments. To make such studies less cumbersome, it is desirable to have a variety 
of efficient reprogrammable mouse systems to induce successful mass reprogramming 
in somatic cell types. Here, we report the development of two transgenic mouse lines 
from which 2° cells reprogram with unprecedented efficiency. These systems were derived 
by exposing primary reprogramming cells containing doxycycline-inducible Yamanaka 
factor expression to a transient interruption in transgene expression, resulting in selec-
tion for a subset of clones with robust transgene response. These systems also include 
reporter genes enabling easy readout of endogenous Oct4 activation (GFP), indicative 
of pluripotency, and reprogramming transgene expression (mCherry). Notably, somatic 
cells derived from various fetal and adult tissues from these 2° mouse lines gave rise to 
highly efficient and rapid reprogramming, with transgene-independent iPSC colonies 
emerging as early as 1 wk after induction. These mouse lines serve as a powerful tool to 
explore sources of variability in reprogramming and the mechanistic underpinnings of 
efficient reprogramming systems.

somatic cell reprogramming | induced pluripotent stem cells | secondary 
reprogramming | reprogrammable mouse | transgenic mouse

Reprogramming somatic cells to induced pluripotent stem cells (iPSCs) has promised to 
revolutionize cell-based therapeutic strategies by providing an unlimited source of cells to 
treat many degenerative diseases. Forced overexpression of the transcription factors, Oct4, 
Klf4, c-Myc, and Sox2 (OKMS), also known as the Yamanaka factors, reprograms differ-
entiated cells to embryonic stem cell (ESC)–like iPSCs (1). When these reprogramming 
factors are stably introduced into a population of cells by randomly integrated transgenes, 
their expression levels differ from cell to cell due to the varying number and location of 
genomic insertion. The heterogeneity of OKMS expression not only contributes to the 
low efficiency of reprogramming but also confounds the interpretation of molecular events 
captured by existing omics datasets of the reprogramming process (2–5). Thus, investiga-
tions of the molecular processes of iPSC generation remain challenging, particularly for 
early events.

To overcome this limitation, 2° reprogramming systems have been developed. These 
systems produce a population of transgene integration–identical cells carrying one or 
more doxycycline (dox)-inducible transgene(s) encoding the reprogramming factors (6). 
Initially, 2° systems consisted of differentiated cells isolated from iPSC-derived chimeras 
(7–14). The introduction of OKMS factors by lentiviral vector–delivered transgenes 
produced a moderate increase in the reprogramming efficiency of these systems. A signif-
icant improvement in reprogramming yield (40% in chimera-derived mouse embryonic 
fibroblasts (MEFs)) was achieved when the transgenes were delivered by piggyBac (PB) 
transposons (11, 13). Several groups have since reported reprogrammable transgenic mice 
that carry OKMS as a single polycistronic transgene in a defined locus (13, 15–18). 
Although two of these mouse lines (13, 15) have been widely used, the reprogramming 
efficiency (number of iPSC colonies per input somatic cell) derived from most tissues in 
these lines is not much higher than 1%. An exception is the 40% efficiency rate reported 
for hematopoietic stem cells (HSCs) (13), which may be associated with the fact that 
these cells begin in a stem cell state prior to reprogramming. Thus, there is a need for 
2° reprogramming systems that offer a high reprogramming efficiency across an array of 
starting somatic cell types.
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2° reprogramming systems have opened the door to under-
standing the fate trajectories of reprogramming cells using both 
bulk (7, 12, 19–21) and single-cell reprogramming approaches 
(22–25). However, these systems vary in their reprogramming 
dynamics. For example, some give rise to stable alternative or 
intermediate states, while others do not (26). Furthermore, while 
2° cells that carry the four Yamanaka factors in multiple insertion 
sites have offered a high reprogramming efficiency from a MEF 
state (11, 12) and have enabled comprehensive multiomics data-
sets of the reprogramming process (20), the presence of multiple 
transgene insertion sites makes the establishment of reprogram-
mable (transgenic) mouse lines practically impossible, and conse-
quently, the study of adult somatic cells reprogramming has 
remained a challenge. While 2° cells carrying OKMS in a single 
locus circumvent this issue, they experience transgene expression 
levels influenced by transcriptional activity of the integration site, 
which varies across cellular lineages and can bottleneck reprogram-
ming efficiency. Additionally, inopportune single insertion sites 
may be differentially silenced across cell types. While the efficiency 
of 2° reprogramming is higher than what has been reported for 
primary (1°) reprogramming, 2° systems have not eliminated the 
need for purification steps, such as fluorescence-activated cell sort-
ing (FACS), to enrich reprogramming cells for analysis (19).

Given the ongoing impact of 2° cells for catalyzing mechanistic 
insights about the reprogramming process, there is a need to estab-
lish transgenic animals with inducible 2° reprogramming systems 
where a single-copy insertion of OKMS mediates sufficiently high 
transgene levels that are not or minimally affected by silencing. 
Such a system would address a critical gap in the capability of 
current 2° systems to offer highly efficient reprogramming across 
a wide array of somatic cell types. It would also open the door to 
a broad range of in vivo experiments.

To address this need, our experience with the highly efficient 
1B and 6C 2° MEF lines (11, 20), which carry multiple repro-
gramming factor insertion sites, encouraged us to generate mouse 
lines from which cells would reprogram with similar efficiencies 
but from a single insertion site that expresses robustly across 
somatic cell types. Here, we report the development of two trans-
genic mouse lines from which 2° cells reprogram with unprece-
dented efficiency from various somatic cells. These lines were 
instrumental in uncovering the exciting observation that heter-
ogeneous subpopulations of MEFs engage in competitive inter-
actions, leading a subset of clones to overtake the population 
(27). In addition to these lines, we present a strategy for deriving 
highly efficient reprogramming systems that is adaptable across 
the field. In deriving our reprogramming mice, we applied several 
key tools and techniques. First, we used a third-generation 
dox-inducible system (28) to activate the reprogramming trans-
genes at a higher level (29). This inducible promoter has report-
edly increased the reprogramming efficiency by ninefold in 
MEFs, noting that this efficiency is below 10% (29). Second, we 
used a PB transposon approach to insert a polycistronic OKMS 
transgene cassette into the genome, leveraging the reduced epi-
genetic silencing that PB offers compared with viral insertions 
(30). Finally, we implemented a selection step to enrich for 
1° iPSC clones capable of reinitiating the reprogramming process 
after early interruption of OKMS transgene expression. We then 
used these selected 1° iPSCs to generate reprogrammable mouse 
lines after germ line transmission. The two mouse lines generated 
using this strategy show unprecedented reprogramming efficien-
cies and rapid iPSC emergence. Importantly, these mice also carry 
two fluorescent reporters that facilitate the observation of impor-
tant aspects of the reprogramming process in real time: the level 
of Yamanaka factor transgene expression (mCherry) and Oct4 

promoter activity (GFP), making these systems highly practical 
and valuable for further research.

Results

Reprogramming with Short Interruption. Previous studies 
demonstrated that when reprogramming factor expression is 
interrupted early during the reprogramming process, somatic 
cells revert to their original phenotype and typically become 
refractory to reinitiated reprogramming (31). We hypothesized 
that a short (24- to 48-h) interruption of an inducible OKMS 
expression during 1° reprogramming would select for clones that 
have an enhanced ability to return to the reprogramming process 
following dox reintroduction (i.e., clones that are not refractory to 
reprogramming), which results in sufficient transgene activation and 
high somatic cell reprogramming efficiency in 2° systems. To test this 
hypothesis, we transfected C57BL/6J (B6), 129S2/Sv (129), and 
CD-1x129/Sv MEFs carrying the previously characterized Oct4-
GFP reporter transgene (32) with three PB transposon delivery 
constructs: 1) PB:TetO-OKMS-mCherry (30), a PB transposon 
containing a polycistronic OKMS linked to the mCherry reporter 
transgene with an internal ribosome entry site sequence, where the 
transgenes are under the control of an earlier-described (33) dox-
inducible promoter variant (Fig. 1A); 2) PB:CAG-rtTA (11), a PB 
transposon delivering a CAG promoter (34)–driven rtTA transgene; 
and 3) pCMV-hyPBase (35), a PB hyperactive transient transposase 
expression plasmid to drive genomic insertion of aforementioned 
cassettes. Dox was added to the culture 24 h after the cotransfection, 
resulting in the reprogramming transgene activation. To select 
for clones that respond efficiently to dox activation, dox was 
interrupted at day 11 for a defined time interval (24 or 48 h) 
just prior to the acquisition of dox-independent iPSC stage (11). 
The reprogramming clones resulting from the dox interruption 
regimen were members of the “interruption” group, while clones 
that arose in cultures without transient dox removal were members 
of the no-interruption control group. The cells from both groups 
subsequently underwent dox removal at days 18 to 21 to assess 
for dox independence, self-renewal, and markers of pluripotency 
(Fig. 1B). As expected, a smaller fraction of the interruption clones 
successfully reached dox independence in all of the tested genetic 
backgrounds as compared with the no-interruption control group 
(36). Not surprisingly, 48 h of dox interruption led to a more 
stringent selection for cells that retained the ability to return to the 
reprogramming process (Fig. 1C).

Investigating the Pluripotency and Reprogramming 
Efficiency of 2° MEFs Derived from Interruption 1°  iPSCs. We 
generated chimeric embryos to determine the 1°  iPSC lines’ 
pluripotency-associated developmental potency and to explore 
the reprogramming efficiency of 2°  MEFs obtained from the 
chimeras. Fourteen 1°  iPSC lines (7 interruption and 7 no 
interruption) were used to generate chimeric embryos for MEF 
isolation (SI Appendix, Fig. S1 A and B). Four of the seven 
no-interruption iPSC lines gave rise to a total of 13 chimeric 
embryos and six of the seven interruption iPSCs gave rise to a 
total of 19 chimeric embryos. We then conducted reprogramming 
experiments with 2° MEFs derived from these chimeras to assess 
the reprogramming efficiency of these cells and the speed with 
which they could acquire the dox-independent secondary iPSC 
stage. We found that MEFs from chimeric embryos generated 
from the interruption iPSC lines had elevated reprogramming 
efficiency, depicted by higher alkaline phosphatase–positive (AP+) 
colony-forming ability from single cells, as compared with MEFs 
isolated from the control no-interruption group (SI Appendix, 
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Fig. S1 C and D). They also reached the dox-independent iPSC 
stage faster (SI  Appendix, Fig. S1E). We observed a positive 
correlation between the reprogramming factor expression level 
at 24 h following dox induction, indicated by the mCherry 
fluorescence intensity, and reprogramming efficiency measured 
by AP+ colony-forming ability (SI Appendix, Fig. S1F). This 
confirms an earlier observation (3) but at a higher reprogramming 
efficiency. In addition, mCherry intensity also correlates with a 
faster transition to a fully reprogrammed, dox-independent state 
(SI Appendix, Fig. S1G).

Generating 2°  Reprogrammable Mouse Transgenic Lines. 
Encouraged by these findings, chimeras from the interruption 
1° iPSCs clones were allowed to develop to term (Fig. 1B). Highly 

chimeric mice (assessed by coat color) were born from almost all 
the tested lines. Chimeras, generated from two independent CD-
1x129-derived iPSCs lines, transmitted the transgenes to their 
offspring and thereby generated two reprogrammable mouse lines 
designated as induced reprogrammable mouse (iRep) 1 and 2. 
iRep1 was established from a 1° iPSC line interrupted for 24 h, 
while the iRep2 originated from a 1° iPSC line interrupted for 
48 h. We did not obtain germ line transmission from the no-
interruption 1° iPSC clones.

The integration sites of the PB:TetO-OKMS-mCherry trans-
genes were determined via the splinkerette PCR (11). In both 
iRep1 and iRep2 lines, only one copy of the transgene is inte-
grated into chromosomes 14 and 13 intergenic regions, respec-
tively (SI Appendix, Fig. S2). To determine whether these 
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Fig. 1. Derivation and characterization of reprogrammable mouse lines. (A) Schematic of the elements of the PB transfection system used in this study.  
(B) Summary of methodology used to select 1° iPSC clones, generate chimeras, and characterize resulting 2° reprogramming and iPSC lines, iRep1 and iRep2. 
Red and black arrows represent incubation with and without dox, respectively. GLT, germ line transmission. (C) Selection pressure of dox removal for 24 or 48 h 
at D11 of reprogramming for obtaining dox-independent 1° iPSC clones in three different genetic backgrounds. The error bars indicate the 95% CI of efficiency 
measures, and statistical significance is represented as follows: P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). The experiment was repeated three times, and 
n is indicated in the bars. (D) Morphology and reporter gene expression during reprogramming of iRep1 and iRep2 2° MEFs compared with Col1a1-OSKM 
(R26rtTA*M2;Col1a14F2A) MEFs in the presence of dox (+) and dox-independent (−) ESC-like colonies at D21, D18, or D31. GFP reports for the endogenous OCT4, 
while the mCherry reports the reprogramming factor expression. (Scale bar, 20 µm.) Dox-independent cultures were captured at the earliest time a confluent 
culture was obtained (at the indicated times). The experiment was repeated three times. (E) Rapid transgene induction in iRep1 2° MEFs by dox incubation as 
indicated by mCherry fluorescence by flow cytometry analysis.
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integration sites may be influenced by reprogramming dynamics, 
we leveraged the dataset from our previous study in which we 
conducted a comprehensive analysis of gene expression and epi-
genetic changes throughout the reprogramming time course in 
1B cells (20). Here, we focus our analysis from this dataset on a 
10-kb genomic region centered around the transgene integration 
sites for both the iRep1 and iRep2 lines (SI Appendix, Fig. S3). 
For the iRep1, we found that no significant changes occurred 
during reprogramming in chromatin marks, DNA methylation, 
or RNA expression in the 10 kb vicinity of the insertion site 
(SI Appendix, Fig. S3). For iRep2, we found an increase in DNA 
methylation levels in iPSC/ESCs 4 kb away from integration 
compared with MEFs. This suggests that the area is more per-
missive for expression at a differentiated stage and neither during 
reprogramming nor in iPSCs. There was a small region with 
H3K4me3 marks (also at 4 kb away) in MEFs, which was rapidly 
decreased by reprogramming transgene expression. This indi-
cated that this endogenous transcription might not influence 
the exogenous gene expression during the reprogramming pro-
cess. Further support was obtained from our experiments, not 
observing significant transgene silencing during the reprogram-
ming path. Both iRep1 and iRep2 consistently expressed 
mCherry (Fig. 1D).

To reduce the rtTA expression variability generated by the ran-
dom integration of the PB:CAG-rtTA transgene, the PB:CAG-
rtTA was replaced by breeding iRep1 and iRep2 mice to the 
ROSA26-rtTA mouse (37) in which a CAG-rtTA was inserted 
into the ubiquitous Rosa26 locus. The data presented herein were 
obtained from mice backcrossed to C57BL/6J between N3 and 
N7 generations.

Characterizing the iRep1 and iRep2 2°  Mouse Lines. To test 
the reprogramming ability and reporter gene readouts of our 
transgenic mouse systems, we derived 2°  MEFs from iRep1 
and iRep2 E13.5 embryos and cultured them in the presence of 
dox for up to 21 d. iRep1 and iRep2 cells rapidly expressed the 
OKMS-reporting mCherry (Fig. 1D). Over 90% of the iRep1 
2°  MEFs cultured in dox for 12 h activated the transgenes as 
seen by flow cytometry (mCherry fluorescence) (Fig. 1E). Rapid 
induction was confirmed by the time-lapse video microscopy, 
where mCherry expression was observed within a few hours of dox 
exposure (Movies S1 and S2). Colonies rapidly formed and at later 
stages of reprogramming, the cells became dox independent and 
expressed OCT4-GFP (Fig. 1D). After dox removal on day 21, the 
reprogramming iRep cells formed OCT4-GFP+, reprogramming 
transgene-independent, self-renewing 2°  iPSCs (Fig. 1D) that 
could be cultured in ESC culture conditions for at least 10 
passages. The emerging iPSC colonies resembled those from 
the previously characterized reprogrammable transgenic mouse 
line: R26rtTA*M2;Col1a1-OSKM4F2A (herein Col1a1-OSKM) 
(3, 15) that carried the Oct4-GFP transgene (31) (Fig. 1D). As 
expected (32), OCT4-GFP faithfully reported the expression 
of endogenous OCT4 as both staining correlated (Fig. 2A and 
SI Appendix, Fig. S4). These 2°  iPSCs expressed endogenous 
OCT4, NANOG, SOX2, and KLF4 pluripotency factors as 
observed by immunofluorescence (Fig. 2A and SI Appendix, 
Fig. S4). Using quantitative reverse transcriptase PCR, we 
monitored the expression of the reprogramming transgenes, as 
well as their endogenous counterparts, during iRep1 and iRep2 
MEF reprogramming. As expected (31), the Thy-1 fibroblast 
marker was down-regulated early, while Nanog was induced 
later in reprogramming. Consistent with previous reports, we 
observed earlier induction of Oct4 relative to Klf4 and Sox2 (20). 
Interestingly, Oct4 ,Klf4 and Sox2 but not c-Myc were induced 

more rapidly than the other reprogramming systems (Fig. 2B and 
SI Appendix, Fig. S5). The temporal expression of the transgenes 
across the reprogramming time course with iRep1 and iRep2 
compared with the established 2°  reprogramming MEFs, 1B 
(20) and Col1a1 (3, 15), also revealed that transgene expression 
was higher and better sustained in the iRep lines throughout the 
reprogramming time course, with relatively higher expression 
levels at days 2 to 12 (Fig. 2B and SI Appendix, Fig. S5).

To further test the pluripotency of 2° iPSCs derived from iRep1 
and iRep2 MEFs, we generated chimeras and observed, according 
to coat color, a high iPSC contribution. The germ line transmis-
sion of the iPSC genome to the offspring of the chimeras further 
confirmed the pluripotency of these 2° iPSC lines and is indicative 
of their appropriate epigenetic status (Fig. 2C) (38, 39). To test 
for in vivo induction of the OKMS-mCherry transgenes, these 
2° iPSC-derived chimeric embryos were exposed to dox via drink-
ing water and food pellets fed to the mothers for 24 h prior to 
dissection at E13.5. We found that OKMS-mCherry transgenes 
were successfully induced as determined by the whole-mount flu-
orescence microscopy (Fig. 2D) and by flow cytometry analysis 
of the disaggregated embryonic tissues (SI Appendix, Fig. S6A). 
Moreover, tissues dissected from adult transgenic iRep1 and iRep2 
mice exposed to dox by water and food showed expression of the 
mCherry reporter (SI Appendix, Fig. S6B).

Quantifying Reprogramming Efficiency of iRep from Varied 
Somatic Cell Types. To address the effect of transgene copy number, 
cells from different tissues were isolated from mice that were 
homozygous for ROSA26-rtTA, either homozygous or hemizygous 
for the OKMS-mCherry transgene, and carried at least one copy 
of the Oct4-GFP transgene. Cells from the same tissues were 
isolated and tested from Col1a1-OSKM mice (3, 15) that were 
homozygous for R26rtTA*M2 and Col1a1-OSKM and that carried 
the Oct4-GFP transgene (32). Adult cell types (tail fibroblasts 
(TFs), CD45+ bone marrow cells (BMs), and neurospheres 
(NSs)) isolated from 4- to 7-wk-old mice and embryonic cell 
types isolated from E13.5 transgenic embryos (MEFs, CD45+ 
fetal liver cells (FLs), and fetal NSs) were single-cell sorted by flow 
cytometry into 96-well dishes and cultured in reprogramming 
medium (Fig. 3A). To characterize the reprogramming progress 
to pluripotency, we used two markers providing high-throughput 
readouts: AP expression and our previously characterized Oct4-
GFP transgene (32). Each of the 48 wells plated with a single 
cell was assessed for colony-forming ability, determined by the 
presence of at least one AP+ ESC-like colony. Even though cells 
were single-cell plated, a very high efficiency of reprogramming 
was observed for iRep1 and iRep2. Indeed, for all cell types, the 
ability to form AP+ colonies was significantly higher in iRep1 
and iRep2 than in Col1a1-OSKM (Fig. 3B). Of note, iPSCs were 
obtained from all tissues tested for iRep mice, which was not the 
case for the Col1a1-OSKM. Previous studies demonstrated that 
although AP is expressed in reprogramming cells and is used as 
an indicator of pluripotency, it is not a definitive biomarker for 
the most stringent pluripotency: the ability to support completely 
viable iPSC-derived animals (3). Mouse ESC studies (40) have 
shown that this ability is rare even among cell lines capable 
of germ line transmission and/or contributing high levels of 
chimerism in all tissues of the resulting embryo. Nevertheless, 
to test the correlation between AP expression and endogenous 
Oct4 activation in our system, we assessed dox independence, AP 
staining, and OCT4-GFP expression in parallel. We observed a 
very high agreement rate (>95%) between AP staining on day 
8 and OCT4-GFP expression on day 21 (P = 2.2 × 10−16, chi-
square test, and odds ratio of 57.5+/−1.47; Fig. 4A), suggesting 
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that in our system, the expression of AP is a good indicator of 
reprogramming to pluripotency hallmarked by endogenous Oct4 
activation. Overall, this assay, together with the AP versus OCT4-
GFP proportional agreement, supports the high reprogramming 
yield of the cells isolated from the iRep1 and iRep2 mice.

To further support the above conclusion, we determined the 
number of colonies that formed per total cells plated for MEFs, 
TFs, granulocyte–macrophage progenitor cells (GMPs), and 
HSCs sorted from the BMs of iRep1 and iRep2 mice (details in 
SI Appendix, Fig. S7). We also quantified the ability of the resulting 
individual reprogramming colonies to become dox independent. 
The colony formation efficiencies for MEFs, TFs, GMPs, and 
HSCs isolated from iRep1 Tg/Tg were 59.2%, 19%, 32%, and 
65.3%, respectively (Fig. 4 B and C). Colonies were subsequently 
picked at day 8, disaggregated, and single-cell plated onto mitot-
ically inactivated feeder MEFs in 96-well plates and assessed for 
1) mCherry expression, 2) ESC-like colony morphology, 

3) OCT4-GFP expression, and 4) the ability to form dox-inde-
pendent colonies. Notably, over 88% of individually picked col-
onies for all cell types tested from the iRep1 line reached an 
OCT4-GFP+, dox-independent state with ESC-like morphology 
(Fig. 4D). In both assays, the efficiency of reprogramming for all 
cells tested was greatly increased compared with the reprogram-
mable mice reported earlier (i.e. for MEF: 50.3% and 63.8% in 
iRep1 and iRep2, respectively, vs. 1.5% (13) and <10% (15)). In 
contrast to a previous report (15), iPSCs could also be obtained 
from adult mice tissues carrying a single copy of the OKMS trans-
gene (Figs. 3B and 4 C and E) and from tissues carrying a single 
copy of each ROSA26-rtTA and OKMS-mCherry transgene. 
Similar to previously reported studies (15), BM-derived HSCs 
had higher reprogramming efficiencies than GMPs. Furthermore, 
we observed greater colony-forming ability in embryo-derived 
cells as compared with adult counterparts, which is also consistent 
with previous findings (13, 41).
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Fig. 2. Characterization of pluripotency of reprogramming lines. (A) Representative fluorescence microscopy images of iRep1 dox-independent 2° iPSC colony 
stained with antibodies to OCT4 and NANOG and also observed for Oct4-GFP reporter expression. (Scale bar, 50 µm.) The experiment was repeated twice. (B) 
Relative gene expression levels of total Yamanaka factors during reprogramming of iRep1, iRep2, 1B, and Col1a1 reprogrammable 2° MEFs. Expression levels 
were normalized to the housekeeping gene mEEF2 and are shown relative to ROSA26-rtTA-ESCs. (C) iRep1 2° iPSC-derived mouse (100% chimera based on black 
coat color) and her 2 agouti germ line transmitted offspring. (D) Whole-mount white light and red fluorescence (mCherry) images of iRep1 E12.5 chimeric embryo 
(dark eye pigment, “pigment +”) and nonchimeric embryos (“pigment −”) from animals exposed to dox (drinking water, 1.5 µg/ml, and dox pellets) for 24 h prior 
to recovering the embryos. The experiment was repeated three times.
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Determining the Commitment Point to iPSCs. Given that the 
time to dox independence is a fundamental parameter defining 
the reprogramming efficiency, we proceeded to characterize the 
iRep systems by plating the cells, exposing to dox for 24 h, and 
subsequently sorting for mCherry+ cells, as described in Fig. 
3A. at a density of 2500 cells/cm2 in reprogramming medium. 
For the bulk reprogramming experiments, passaging was done 
every 3 d, at which point the cultures were branched into 
dox-free or dox-containing medium at each passage (Fig. 3A). 
This dox independence test is stringent as cells are dissociated 
and passaged at the time of dox withdrawal, which requires 
ESC-like colony formation from disaggregated cells, in contrast 
to dox withdrawal from already-formed colonies. The day of 
dox independence was determined by the earliest day GFP+ 
ESC-like colonies were observed in dox-free media. Of the 
lines that became dox independent, both iRep1 and iRep2 
showed faster reprogramming and over 10 d quicker time 
to dox independence as compared with the Col1a1-OSKM 
cells (Fig. 4E and SI Appendix, Fig. S8). Interestingly, dox 
independence was never achieved for Col1a1-OSKM adult and 
fetal NSs and TFs in the time period tested, while both fetal 
NSs and TFs from the iRep lines reached dox independence 
within 15 to 25 d. In addition, in all cases, reprogramming to 
dox independence coincided with endogenous Oct4 activation 
(SI Appendix, Fig. S8). No major difference between iRep1 and 
iRep2 cells was detected in terms of reprogramming speed and 
time to dox independence.

Discussion

Taken together, our studies demonstrate that a wide variety of 
adult and embryo tissues derived from iRep1 or iRep2 have ESC-
like colony-forming ability and a time line to dox independence 
that surpasses that of previously characterized 2° systems reported 
to date (15, 16, 29). Recently, we used the iRep1 system to elu-
cidate the competitive dynamics of elite reprogramming clones 
(27). In that study, we showed that the emergence of nonneutral 
clonal dominance leads a few reprogramming clones to overtake 
the population. Furthermore, by crossing the iRep2 reprogram-
ming mouse with a Wnt1+ lineage-tracing mouse, we suggest that 
these dominating clones arise from the neural crest compartment 
and have an elite propensity to undergo reprogramming. The high 
efficiency of reprogramming achieved with this line was instru-
mental in enabling clonal tracking in this study, revealing that 
population reprogramming trajectory is not a sum of its clonal 
parts. Further applications of the highly efficient iRep1 and iRep2 
lines include the possibility of Cre-conditional activation of repro-
gramming transgene expression using an established mouse line 
in which Cre-conditional rtTA is knocked into the Rosa26 locus 
to achieve cell type–specific reprogramming (37). For this purpose, 
the fact that iPSCs can be derived at high efficiency from adult 
mouse tissues carrying a single copy of the OKMS-mCherry and 
ROSA26-rtTA transgenes will save time and mice.

The iRep1 and iRep2 lines reported here were derived by inter-
rupting the expression of transgenes in the early stages of 
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Fig. 3. Characterization of reprogramming efficiency of embryonic and adult tissues from iRep1 and iRep2 mouse lines. (A) Experimental layout for quantification 
of colony formation efficiency and the earliest time to exogenous reprogramming factor-independent pluripotency for embryonic and adult tissues from 1) iRep1 
and iRep2 mice homozygous for ROSA26-rtTA targeted mutation (rtTAtm/tm), either homozygous (OKMStg/tg) or hemizygous for OKMS-mCherry (OKMStg/wt), and 
carried at least one Oct4-GFP transgene; and 2) Col1a1-OSKM homozygous for both R26rtTA*M2 and Col1a14F2A (Col1a1-OSKMTm/Tm;rtTATm/Tm) and carried at least one 
copy of Oct4-GFP transgene (32). MEFs and TFs were isolated from E13.5 embryos and adult mice, respectively, and used for fluorescence-activated cell sorting at 
passage 1. BMs and FLs were sorted and exposed to dox directly. NSs were grown for 2 passages before sorting and culturing in dox. (B) Quantification of fraction 
of single-cell sorted iRep1, iRep2, and Col1a1-OSKM cells that formed AP+ ESC-like colonies after 8 to 15 d in doxycycline: reprogramming cells were stained 
at Day 8 for MEFs and FLs, Day 11 for TFs, and Day 15 for BMs and adult NSs. The histograms show means +/− SEs of at least three independent experiments. 
Columns with different superscripts (a, b, c, and d) differ significantly (P < 0.05), while columns with the same superscripts do not differ significantly. Each dot 
on the plot represents the reprogramming efficiency of a single cell line (in %) obtained from a sample of n = 48 cells plated individually, one cell per well. Tg/Tg: 
homozygous OKMS-mCherry transgene; Tg/wt: heterozygous OKMS-mCherry transgene; and Tm/Tm: homozygous Col1a1-OSKM knock-in.
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reprogramming, leading to the derivation of clones that reprogram 
with unprecedented efficiencies. This builds on our previous work 
that demonstrated the elastic nature of early reprogramming, 
where dox removal leads to reacquisition of the somatic cell state 

(31). The mechanistic insight offered in our previous work sug-
gested that an early and temporary interruption to OKMS 
expression can select for clones that are refractory to transgene 
silencing during exit and reentry to the somatic state, which is 
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indicative of transgene insertion sites that offer robust OKMS 
expression that could be reactivated. This is reflected in our tran-
scriptional analysis, which revealed the rapid and sustained expres-
sion of transgenes at higher levels than existing 2° reprogramming 
systems. Additionally, our observation that highly efficient repro-
gramming occurs across multiple somatic cell types, including 
adult cells, demonstrates the functional impact of our approach 
in selecting for iPSC clones with favorable transgene insertion 
sites.

The early interruption of reprogramming transgene expression 
has also been recently reported to lead to the derivation of a 
stable progenitor-like state, in which cells retain the ability to 
expand without attaining pluripotency (42). The expansion 
potential of these reprogramming interruption cells makes them 
amenable to genetic engineering while also opening the door to 
exploring mechanistic gaps in the reprogramming process by 
stabilizing cells in previously unexplored states along their tra-
jectory. Thus, the approach of interrupting cells undergoing fate 
programming by premature switching off the transgene expres-
sion may provide avenues to understanding and better manip-
ulating cell fate.

In conclusion, in addition to revealing a method to select for 
1° iPSCs poised for 2° system generation, here we report two trans-
genic mouse lines carrying the four Yamanaka factors from which 
a variety of somatic cell types reprogram with unprecedented effi-
ciency while harboring reporters for both transgene expression 
and the pluripotent state. We used single-copy insertion of the 
OKMS transgenes to derive iPSCs that are capable of germ line 
transmission, leveraging PB transposon insertion and a third-gen-
eration dox induction system to allow for stable and high trans-
gene expression. These mouse lines have already proven to be a 
powerful tool for the study of multicellular reprogramming 
dynamics. They will continue to serve the iPSC research domain 
by enabling elucidation of reprogramming mechanisms from var-
ious cell types, isolated from individual tissues from live animals, 
or by conferring cell type specificity with restricted rtTA 
expression.

Notes: The iRep1 and iRep2 mouse lines are available at JAX 
as follows:

JAX#031011 iRep1 (or Oct4-GFP; ROSA26-rtTA(Δneo); 
OKMSCh250).
Strain Name: B6.Cg-Gt(ROSA)26Sor<tm1.1(rtTA,EGFP)
Nagy> Tg(Pou5f1-EGFP)1Nagy TgTn(pb-tetO-Pou5f1,-Klf4,-
Myc,-Sox2,-mCherry)250Nagy/J.
JAX#031009 iRep2 (or Oct4-GFP; ROSA26-rtTA(Δneo); 
OKMSCh72).
Strain Name: B6.Cg-Gt(ROSA)26Sor<tm1.1(rtTA,EGFP)
Nagy> Tg(Pou5f1-EGFP)1Nagy TgTn(pb-tetO-Pou5f1,-Klf4,-
Myc,-Sox2,-mCherry)72Nagy/J.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. Some study data available (Mice strains used in this study 
are available from The Jackson Laboratory; details are provided in the SI Appendix).
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