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SUMMARY

The ability of induced pluripotent stem cells (iPSCs) to differentiate into all adult cell types makes
them attractive for research and regenerative medicine; however, it remains unknown when and
how this capacity is established. We characterized the acquisition of developmental pluripotency in
a suitable reprogramming system to show that iPSCs prior to passaging become capable of
generating all tissues upon injection into preimplantation embryos. The developmental potential of
nascent iPSCs is comparable to or even surpasses that of established pluripotent cells. Further
functional assays and genomewide molecular analyses suggest that cells acquiring developmental
pluripotency exhibit a unique combination of properties that distinguish them from canonical naive
and primed pluripotency states. These include reduced clonal self-renewal potential and the
elevated expression of differentiation-associated transcriptional regulators. Our observations close
a gap in the understanding of induced pluripotency and provide an improved roadmap of cellular
reprogramming with ramifications for the use of iPSCs.
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Amlani et al. use a highly efficient reprogramming approach to determine when the hallmark
features of self- renewal and developmental pluripotentcy are established during the derivation of
induced pluripotent stem cells (iPSCs) from mouse fibroblasts. They show that nascent iPSCs
appear molecularly and functionally poised for differentiation but, nevertheless, generate all adult
tissues upon introduction into blastocyst-stage embryos exceptionally well.

INTRODUCTION

Pluripotent stem cells (PSCs) are endowed with the capacity to indefinitely propagate /n
vitro (“self-renewal”) while retaining the ability to differentiate into all somatic cell types
and germ cells upon receiving environmental cues (“developmental pluripotency”). Different
types of PSCs that vary in origin, molecular regulation, and functional properties have been
described (Morgani et al., 2017; Weinberger et al., 2016). Among these, so-called naive
PSCs most closely resemble the pluripotent inner cell mass of the mammalian embryo, can
self-renew well at clonal density, and efficiently contribute to development when injected
into blastocyst-stage embryos (Ying and Smith, 2017). Rodent embryonic stem cells (ESCs)
and induced PSCs (iPSCs) are examples of naive PSCs. They are derived from differentiated
somatic cells by enforced expression of combinations of embryonic transcription factors
(TFs) such as OCT4, KLF4, SOX2 and MY C (OKSM). Human PSCs and mouse epiblast-
derived stem cells (EpiSCs) more closely resemble post-implantation stages of development,
self-renew poorly at clonal density, and do not integrate well into preimplantation embryos,
a cellular state referred to as primed pluripotency. As the properties of primed PSCs
complicate biomedical applications, efforts are being made to establish naive pluripotency in
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human PSCs, but no consensus on a best approach has emerged yet (Boroviak and Nichols,
2017; Weinberger et al., 2016).

The study of TF-mediated reprogramming has yielded roadmaps of transcriptional,
chromatin, and cellular changes characterizing the establishment of naive pluripotency
(Apostolou and Hochedlinger, 2013; Polo et al., 2012; Samavarchi-Tehrani et al., 2010;
Stadtfeld et al., 2008), but it is unknown when somatic cells acquire developmental
pluripotency on their trajectory to become established cell lines; a process that can take
weeks to months. Consequently, the molecular features of cells at this juncture remain
uncertain. The observation that chromatin features of the somatic cell of origin can persist
for prolonged periods in iPSCs and influence their developmental output (Kim et al., 2010;
Krijger et al., 2016; Polo et al., 2010) suggests that extensive ex vivo culture might be
required before fully developmental competent cells can be attained.

Murine iPSC reprogramming is well-suited to track when developmental potency is
acquired, as stringent functional assays (such as injection of cells into tetraploid [4n]
blastocysts that alone cannot support embryonic development) are available (Eggan et al.,
2001; Nagy et al., 1990). However, studying the acquisition of developmental pluripotency
is complicated by the observation that many iPSCs never attain full developmental potency
due to molecular abnormalities introduced during reprogramming (Stadtfeld et al., 2010a;
Wau et al., 2014). In addition, the slow and asynchronous nature of the reprogramming
process (Yamanaka, 2009) does not yield sufficient cells for meaningful functional assays at
early stages of iPSC formation.

Protocols have been described that greatly facilitate reprogramming, including interference
with repressive chromatinrelated factors (Rais et al., 2013), additional reprogramming
factors (Di Stefano et al., 2016), and the use of chemical compounds modulating cellular
signaling pathways (Bar-Nur et al., 2014; Federation et al., 2014; Vidal et al., 2014). We
have taken advantage of an efficient reprogramming approach that predominantly yields
fully developmentally competent PSCs to systematically assay functional properties at
hallmark stages of iPSC derivation from murine fibroblasts. We find that the ability to
differentiate into all essential somatic cell types after blastocyst injection is established
abruptly upon reprogramming factor shutdown and does not require propagation in culture.
While exhibiting reduced self-renewal potential and more rapid downregulation of core
pluripotency loci /in7 vitro, nascent iPSCs favorably compare to established naive PSCs in the
4n complementation assay. At the molecular level, the acquisition of developmental
pluripotency ensues after largescale chromatin changes and coincides with the fine-tuning of
chromatin accessibility and elevated expression of differentiation-associated gene loci,
including regulators of primed pluripotency.

RESULTS AND DISCUSSION

Rapid Reprogramming Yields Developmentally Fully Competent Cells

We previously reported that combined activation of Wnt signaling (using the GSK3
antagonist CHIR99021) and inhibition of TGFb signaling (using the TGFBRI antagonist
iAlIK5) in the presence of ascorbic acid, a facilitator of chromatin remodeling (Monfort and
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Wutz, 2013), greatly increases speed and efficiency of iPSC formation (Vidal et al., 2014).
We derived mouse embryonic fibroblasts (MEFs) from a “reprogrammable” transgenic
mouse strain, which allows expression of OKSM in a doxycycline (dox)-dependent manner
(Stadtfeld et al., 2010b). These animals also harbor a knockin of enhanced GFP into the
Poubf1 locus (Oct4-GFP), a specific marker for pluripotent cells (Lengner et al., 2007). Six
days of culturing MEFs in the presence of dox and the three aforementioned compounds
(3c) yielded colonies that were independent of transgenic OKSM expression (Figure 1A).
By this time, each starting fibroblast had given rise to more than 100 Oct4-GFP* cells
(Figure S1A) on average, documenting the availability of large numbers of advanced
intermediates for functional assays.

We established five monoclonal iPSC lines in separate reprogramming experiments from the
same batch of male MEFs, followed by colony picking and expansion for several weeks in
ESC medium containing leukemia inhibitory factor (L1F) and 15% serum. Upon injection
into 4n blastocysts, four of the five lines gave rise to “all-iPSC” mice (Figure 1B) at
frequencies similar to reference ESCs (Figure 1C; Table S1). Adult all-iPSC mice generated
with all four cell lines were fertile and capable of germline transmission of the original MEF
genome (Figure 1D). These findings show that 3c reprogramming predominantly results in
fully developmentally competent cells, a conclusion further supported by comparison to
published success rates of 4n complementation (Figure S1B). While developmental assays
conducted with MEFs reprogrammed with an alternative TF combination suggested an
inverse relationship between reprogramming speed and iPSC quality (Buganim et al., 2014;
Sebban and Buganim, 2016), our findings demonstrate that rapid induction of pluripotency
does not necessarily come at a developmental cost. The epigenome-protective function of
ascorbic acid during reprogramming (Stadtfeld et al., 2012) might contribute to the high
quality of iPSCs generated by our approach.

Pre-passage iPSCs Complement 4n Blastocysts in a Highly Efficient Manner

We conducted 4n complementation assays with cells at three different stages of iPSC
derivation that we considered likely to cover key functional changes: day six of transgenic
OKSM expression (stage 1 [S1]); four days after shut-down of transgenic OKSM and
washout of 3c, but before the first passage of nascent iPSCs (stage 2 [S2]); and after roughly
two weeks of continuous passaging in ESC medium (early iPSC stage [iPSCs]) (Figure 1E).
For each stage, we transferred more than 150 blastocysts injected with cells derived from the
same MEF preparation to avoid effects caused by differences in genetic background (Table
S1). As molecular maturation steps have been reported to proceed for prolonged periods of
time in iPSCs (Golipour et al., 2012; Polo et al., 2010), we anticipated that the regulatory
circuitry underlying pluripotency may not be stable enough in S1 and S2 cells to allow 4n
complementation to succeed. Indeed, S1 cells almost invariably failed to yield all-iPSC mice
(Figure 1F; Table S1). However, S2 cells complemented 4n blastocysts at efficiencies that
exceeded success rates with iPSCs (Figure 1F; Table S1). No overt differences were
observed between animals generated with S2 cells or iPSCs and breeding-derived
“reprogrammable mice,” although we did not age animals beyond 4-8 weeks.
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We confirmed the observation that developmental pluripotency is attained between S1 and
S2 by using Oct4-GFP™ cells purified with a gentle microfluidics-based cell sorting
technique (Figure 1G; Table S1), ruling out that the lower abundance of Oct4-GFP* in S1
cultures (Figure S1C) had masked developmentally competent cells. This demonstrates that
reactivation of Oct4 is not sufficient to endow cells with developmental pluripotency and
suggests that additional molecular changes that occur between S1 and S2 are required. Of
note, S1 cells, S2 cells, and iPSCs expressed similar levels of the adherence molecule E-
cadherin (also known as CDH1), an important determinant for the ability to incorporate into
blastocyst-stage embryos (Ohtsuka et al., 2012) (Figures S1E and S1F).

Female S2 cells also gave rise to all-iPSC mice at high frequency (Figure S1D; Table S1),
suggesting that the instability of DNA methylation patterns frequently seen in female
pluripotent cells (Choi et al., 2017; Ooi et al., 2010; Zvetkova et al., 2005) might not
manifest at this stage. Together, these observations suggest that cells with the ability to
generate all somatic tissues upon injection into tetraploid blastocysts arise abruptly and at a
defined stage during reprogramming.

Reduced Self-Renewal Capacity of Nascent iPSCs

We evaluated the /n vitro behavior of cells at different reprogramming stages to work toward
a framework for the observed differences in developmental pluripotency. S1 cells exhibited a
profound deficit to form undifferentiated colonies upon seeding at clonal density in ESC
medium (Figure 2A), which we then confirmed using purified Oct4-GFP* cells (Figure 2B).
S2 cells yielded colonies 5- to 10-fold more frequently than S1 cells, but remained
significantly less efficient than established iPSCs (Figure 2B). This suggests that self-
renewal capacity (in contrast to the ability to complement 4n blastocysts) is gradually
established during iPSC derivation and has limited predictive value for developmental
potency. The observation that developmental competence peaks before self-renewal during
iPSC formation is reminiscent of mammalian embryogenesis, in which the capacity of /n
vitro clonal growth is established later as well (Boroviak et al., 2014).

Both S2 cells and iPSCs aggregated into embryoid bodies (EBs) in the absence of LIF
(Figure 2C), a common approach to initiate differentiation, though S2-derived EBs were
slightly smaller (Figure S2A). Abundance of the pluripotency-associated surface marker
SSEAL1, highly expressed on undifferentiated S2 cells and iPSCs (Figure S2B), dropped in
EBs derived from either cell type, indicating commencement of differentiation. However,
downregulation of SSEA1 was significantly more pronounced in S2-derived EBs (Figures
2D and S2B), indicating a faster and/or more efficient exit from pluripotency. Similarly,
mRNAs encoding transcriptional regulators involved in stabilization of the pluripotent state,
such as POU5F1 and NANOG, were more rapidly downregulated in EBs formed by S2 cells
(Figure 2E). The results of both self-renewal and /n vitro differentiation assays are in
agreement with the notion that the pluripotency network in S2 cells, while stabilized
sufficiently to support remarkably robust /77 vivo developmental potency, remains less
solidified than in established iPSCs and can be more easily dismantled by differentiation-
inducing cues.
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Genome-wide Chromatin Remodeling Precedes the Acquisition of Developmental

Pluripotency

Our results suggest that cessation of transgenic OKSM expression and withdrawal of 3c
allow rapid establishment of self-renewal and success in tetraploid complementation. We
conducted RNA sequencing (RNA-seq) and assay for transposase-accessible chromatin
sequencing (ATAC-seq) on MEFs and Oct4-GFP™ cells at the different reprogramming
stages to identify underlying molecular events. Analyses at the genome-wide level suggested
stage-specific differences, but also demonstrated an overall high degree of similarity
between S1 and S2 cells and iPSCs (Figures 3A and 3B). Silencing of somatic gene
expression (Figure S3A) and decommissioning of fibroblast-associated enhancer elements
appeared to be largely completed by S1 (Figure S3B). Similarly, the vast majority of ESC-
associated enhancer elements had acquired accessibility during the MEF to S1 transition
(Figure S3C). These observations suggest that erasure of fibroblast identity and global
remodeling of chromatin accessibility do not pose substantial roadblocks in our
reprogramming approach, but also do not endow cells with pluripotency. Rather, the
acquisition of developmental and self-renewal capacities appears associated with fine-tuning
at the transcriptional or post-transcriptional level and/or accessibility changes at select
regulatory regions (Figures S3D and S3E).

Genes upregulated at any stage of iPSC derivation were comprised of five major groups,
labeled I to V based on their distinct expression kinetics (Figures 3C and S3F; Table S2).
The largest (group Il; equal expression in S1, S2, and iPSCs) and smallest (group V;
expression highest in iPSCs) groups did not distinguish between pre-pluripotent S1 and
pluripotent S2 cells. Reactivation of group Il genes, which included core naive pluripotency
regulators (e.g., Nanog, Sall4, Cdhl, and Esrrb) and genes associated with cell cycle
progression (Polq, Chekl, Brca2) and chromatin organization (Ezh2, Tetl, Prdm14) (Figures
3C, S3F, and S3G; Table S3) is therefore insufficient to endow cells with robust self-renewal
or developmental potency. Group V contained loci associated with the totipotent 2-cell stage
of mammalian development (Wu et al., 2017), including members of the Zscan4 family
(Figures 3C and S3F). While expression of these genes appears not to be required for the
establishment of pluripotency in S2 cells, our results are consistent with the genes being
beneficial upon prolonged culture.

Molecular Fine-Tuning Associated with the Acquisition of Developmental Pluripotency

Three gene groups distinguished S2 and S1 cells. Group | contained genes highest expressed
in S1 cells (Figures 3C and S3F), which represent gene ontology categories associated with
neither MEFs nor pluripotent cells (Figure S3G; Table S3). The majority (about 55%) of
these loci contained ATAC-seq peaks exclusively seen at S1 (Figure 3D), suggesting that
their expression might be controlled by regulatory elements that become transiently
activated during the reprogramming process before cells acquire pluripotency. Groups 111
and IV became upregulated during the S1-S2 transition (Figure 3C) and, in addition to germ
cell-associated factors, contained genes essential for early post-implantation development.
While group 1V genes, such as Lefty2, Dazl, and Dppa4, remained expressed at constant
levels in iPSCs, group 11 transcripts peaked at S2 (Figures 3C and S3F). We observed that a
substantial portion (about 40%) of group 111 and group IV loci gained accessible regions
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during the S1-S2 transition, the majority of which (but not all of) remained open in iPSCs
(Figure 3D). This indicates that remodeling of gene loci encoding developmental regulators
is delayed during iPSC formation compared to the bulk of regulatory elements (Figures S3C
and S3E).

Several group 111 genes, such as Otx2, Fgf5, Cerl, and ZicZ, are markers of the primed
pluripotent state (Weinberger et al., 2016). Quantitative PCR confirmed elevated expression
of primed PSC markers in S2 cells, although levels of Otx2and Fgf5remained lower than in
EpiSCs (Figure S3H). Genomewide analysis using published RNA-seq data indicated that
S2 cells are proximal to, but nevertheless distinct from, both EpiSCs and ESCs (Figure S3I).
These differences might contribute to the observation that S2 cells, but not primed PSCs
(Brons et al., 2007; Tesar et al., 2007), efficiently contribute to embryonic development upon
blastocyst injection.

We categorized genomic regions that alter their accessibility during the S1-S2 transition into
groups | (accessible in S1), 111 (accessible in S2), or IV (accessible in S2 and iPSCs) and
then analyzed them for recurrent motifs (Table S4). We frequently found KLF4 motifs at
group | peaks while OCT4 and SOX2 motifs dominated within the pluripotency-associated
group 1V peaks, which also showed enrichment for the naive pluripotency regulators
ESRRB and NR5A2 (Figure 3E). The observation that levels of the transcripts encoding
these TFs did not significantly change after the S1 stage (Figure 3F) might suggest that
important aspects of the acquisition of pluripotency are driven by changes in protein
abundance or in the activity of specific core reprogramming and pluripotency factors.

Expression of the Epiblast Marker Otx2 in Developmentally Competent Nascent iPSCs

We noticed that genomic regions accessible only in S2 cells were enriched for OTX2 motifs
(Figure 3E), which was mirrored by the abundance of the mRNA encoding this TF (Figures
3F and S3F). OTX2 has been reported to drive exit from naive pluripotency (Acampora et
al., 2013; Yang et al., 2014) and regulate neuroectoderm specification (Rhinn et al., 1998).
Transient expression of differentiation-associated genes has also been seen by others
studying murine (Polo et al., 2012) and human (Takahashi et al., 2014) fibroblast
reprogramming. To further investigate this phenomenon, we generated an Otx2-RFP allele
(Figure 4A). During reprogramming, Otx2-RFP* cells emerged later than Oct4-GFP* cells
(Figure S4A) and were first observed as a small subset of S1 cells that expressed high levels
of CD326 encoded by Epcam (Polo et al., 2012) and Oct4-GFP (Figure S4B). The
abundance of Otx2-RFP* cells increased only moderately when 3¢ conditions were
maintained (Figure 4B). In contrast, almost all S2 cells expressed elevated Otx2 levels, but
intensity of the reporter, frequency of Otx2-RFP™ cells, and Otx2transcript levels dropped in
established iPSCs (Figures 4C, 4D, and S4C-S4E). This confirms our RNA-seq kinetics and
establishes reactivation of Otx2as a late reprogramming event. We observed similar Otx2
kinetics during OKSM-mediated reprogramming in the absence of 3c compounds (Figures
SAE and S4F) and during analysis of published expression data of transposon-based
reprogramming (Golipour et al., 2012) (Figure S4G), suggesting our findings are not
restricted to a single approach.
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We next utilized the Otx2 reporter to explore the behavior of S1 cells, S2 cells, and iPSCs
when exposed to FGF2 and Activin A, which are used to convert naive PSCs into primed
PSCs (Guo et al., 2009) and can also support alternative cell fates (Ohinata and Tsukiyama,
2014) (Figure S5A). The relative efficiency of colony formation (Figure S5B) was
comparable to what we observed in self-renewing conditions (Figure 2B). However, while
S1 cells and iPSCs seeded in presence of FGF2 and Activin A predominantly formed
colonies that maintained pluripotent cell morphology (Figure S5C) and Oct4-GFP
expression (Figures S5D and S5E), S2 cell-derived colonies lost their epithelial appearance
and downregulated Oct4-GFP while retaining high levels of Otx2-RFP (Figures SSC-S5E).
This is reminiscent to the accelerated downregulation of pluripotency-associated transcripts
during EB formation (Figures 2D and 2E), suggesting transient destabilization of the
pluripotent state at S2.

Finally, we wondered whether the minority population of Otx2- RFP* cells in established
iPSC cultures (Figure 4C) is functionally equivalent to S2 cells. While sorted S2 cells
frequently yielded viable mice upon 4n complementation, Otx2-RFP*Oct4-GFP* iPSCs
performed significantly worse in this assay (Figures 4E and 4F). This suggests that S2 cells
represent a distinct, highly developmentally potent state that is compatible with elevated
expression of specific differentiation-associated transcripts.

In summary, we have described the acquisition of functional features of naive pluripotent
cells during murine iPSC formation in a tractable experimental system, resulting in a refined
roadmap for the establishment of pluripotency during cellular reprogramming (Figure 5).
Our roadmap correlates the hallmark properties of self-renewal and developmental potency
with molecular features and should provide a useful reference point for the further dissection
of the molecular requirements underlying functional properties of iPSCs.

EXPERIMENTAL PROCEDURES

Mice

Derivation, handling, and genotyping of reprogrammable mice (JAX011001) with the Oct4-
GFP allele were described previously (Stadtfeld et al., 2010b). All animal experiments were
in accordance with the guidelines of the NYU School of Medicine Institutional Animal Care
and Use Committee.

4n Blastocyst Complementation

Zygotes were isolated from BDF1 females as previously described (Stadtfeld et al., 2012)
and cultured overnight until they reached the 2-cell stage. One hour after electro-fusion, 1-
cell embryos were separated from embryos that had failed to fuse, cultured for another 2
days, then injected with cells at the indicated reprogramming stages. Monoclonal iPSCs
were injected at passage 5. For micro-fluidics based sorting of Oct4-GFP™ cells prior to
blastocyst injection, an On-chip Sort (On-chip Biotechnologies, Tokyo, Japan) was used. For
sorting of Oct4-GFP*Otx2-RFP* cells prior to blastocyst injection, a SH800Z equipped with
a 100mm nozzle (Sony Biotechnology) was used. Viable pups were defined as those that
survived for at least three days following birth.
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MEFs (Stadtfeld et al., 2010b) and ESCs (Czechanski et al., 2014) were derived as
previously described and were heterozygous for the inducible OKSM, Rosa26-rtTA, and
Oct4-GFP alleles (Stadtfeld et al., 2010b). ESCs and established iPSCs were cultured on
irradiated feeder cells in KO-DMEM (Invitrogen) supplemented with L-glutamine,
penicillin/streptomycin, nonessential amino acids, b-mercaptoethanol, 1,000 U/mL LIF, and
15% FBS (ESC medium). MEF cultures were established by trypsin digestion of
midgestation (embryonic day [E]13.5-E15.5) embryos and maintained in DMEM
supplemented with 10% FBS, L-glutamine, penicillin/streptomycin, nonessential amino
acids, and b-mercaptoethanol (MEF medium). Reprogramming was carried out as previously
described (Vidal et al., 2014). Briefly, 100 to 250 cells/cm? were seeded on a layer of
irradiated feeder cells in ESC medium in the presence of 1 mg/mL Dox and, if applicable, L-
ascorbic acid (50 mg/mL), CHIR99021 (3 mM), and TGF-b RI Kinase Inhibitor 1l (250 nM)
(3c). EpiSCs were a kind gift of Paul Tesar and maintained in in serum-free medium
containing FGF2 (12 ng/mL) and Activin A (20 mg/mL) as previously described (Tesar et
al., 2007).

In Vitro Differentiation

EB formation with the hanging drop method was conducted as previously described (Geijsen
et al., 2004), followed by dissociation with 0.2% collagenase type IV and either staining
with anti-SSEA1 antibody (MC-480, eBioscience) or RNA isolation. To assess the response
of cells at different stages of iPSC derivation to exposure to FGF2 and Activin A, equal
amounts of Oct4-GFP* cells were seeded on feeder cells in EpiSC medium. Colonies were
scored and imaged after 4 days, followed by flow cytometric analysis for Oct4-GFP and
Otx2-RFP expression.

Generation of Otx2 Reporter Cells

RNA-Seq

A donor plasmid harboring the IRES-tdTomato sequence immediately downstream of the
Orx2 coding region, with 800bp homology arms on each side was generated with Gibson
assembly and used for transfection of reprogrammable iPSC clone #2. Clonal colonies were
isolated and correct integration confirmed by PCR using primers internal and external to the
donor cassette (5" forward [F]: 5'-CTGGACAGTGCAATGTAAACT-3"; 5 reverse [R]:
5-AACGCACACCGGCCTTATTC-3"; 3'F: 5"-ACCAAGCTGGACATCACCTC-3"; and
3’R: 5'-CCAAATCCAGGAAGGGTTTA-3"). Reprogrammable MEFs were generated from
mid-gestation embryos following 4n blastocyst injections.

Oct4-GFP* cells were isolated to >95% purity using flow cytometry and total RNA prepared
with the miRNeasy Mini Kit (QIAGEN). Polyclonal iPSC cultures used for RNA-seq were
at passage 5. Libraries were synthesized using ScriptSeq Complete Gold Kit, Low Input
using 500ng of RNA depleted of ribosomal RNA (Ribo-Zero, Epicenter). Libraries were run
on three lanes of an Illumina HiSeq 2500 flow cell (v4 chemistry) as paired end, 50
nucleotides per read. Reads were aligned to mm10 using TopHat 2.0.9 with Bowtie 2.2.6.
Samtools was used to select paired, unique reads. Reads aligning to mitochondrial DNA
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were removed. Remaining reads were quantified using HTSeq and analyzed using the R
package DESeq2. An FPKM cut off of 1 (estimated with DESeq2’s FPKM function and the
longest annotated isoform) was used when analyzing differentially expressed genes (fold
change > 2; adjusted p value < 0.05). Enriched gene ontology terms were identified using
GOirilla (Eden et al., 2009).

Libraries were synthesized from 50,000 input cells as previously described and analyzed in a
similar manner (Buenrostro et al., 2013). Specifically, reads aligned to mm10 (Bowtie 2.2.6,
-X 2000) were filtered using Picard Tools and Samtools (-F 1804) with mitochondrial DNA
alignments excluded. Peaks were called using Peak DEck and quantified using HTSeq.
Differential peaks were identified (DESeq2: fold change > 1.5, adjusted p value < 0.1).
Percent of target sequences bearing selected motifs were measured using HOMER 4.9
(Heinz et al., 2010). Polyclonal iPSC cultures used for ATAC-seq were at passage 5.

cDNA samples were prepared with the Transcriptor First Strand cDNA synthesis Kit
(Roche) and run on a LightCycler 480 (Roche). Specific mMRNA levels were determined
using gene-specific primer pairs: Pou5f1 (5 -ACCTGGCTTCAGACTTCGC-3',5-
TGAGCCTGGTCCGATTCCA-3"), Esrrb (5'-CA AGAGAACCATTCAAGGCAACA-3,
5 -CATCCCCACTTTGAGGCATTT-3"), Nanog (5’ -
TTGCTTACAAGGGTCTGCTACT-3’, 5 -ACTGGTAGAAGAATCAG GGCT-3"), Otx2
(5"-GAATCCAGGGTGCAGGTATGG-3’, 5'-CTGAACTCACTT CCCGAGCTG-3"), Zic2
(5"-GGCAAACCCTTTAAGGCCAAA-3’,5'-AGGTTTCT CCCCTGTATGAGTTCT-3"),
Fgf5 (5’ -TGTGTCTCAGGGGATTGTAGG-3', 5'-AG
CTGTTTTCTTGGAATCTCTCC-3"), and Gapah (5"-AGGTCGGTGTGAACGGA
TTTG-3’, 5 -TGTAGACCATGTAGTTGAGGTCA-3").

Statistical Analysis

Experimental data were analyzed for statistical significance using GraphPad Prism 7.0c,
with either a t test, a one-way ANOVA (parametric data), or a Mann-Whitney test (injection
data). Raw data are presented for analysis of 4n injections conducted at different stages of
iPSC derivation (Figure 1F and Table S1). The generation of chimeric mice in our hands has
a 20% failure rate independent of the developmental capacity of injected cells, calculated
from injection of ESCs into diploid blastocysts which failed to yield viable mice (S.Y.K.).
Therefore, 20% of injections at each stage are expected to not yield pups for technical
reasons and must be considered missing values for statistical testing. To assess significance,
two separate sets of statistical tests were carried out on either the data with imputed values
(calculated based on the median of remaining values within each stage) or on complete case
analysis (missing values from each stage were excluded from statistical testing). Mann-
Whitney tests, followed by Bonferroni correction to account for multiple testing resulting
from stage-wise comparisons, were performed. The higher p value obtained from both
independent statistical tests is shown for each stage-wise comparison in Figure 1F.
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DATA AND SOFTWARE AVAILABILITY

The accession numbers for the ATAC-seq and RNA-seq data reported in this paper are GEO:
GSE106331 and GSE106332, respectively. All sequencing datasets can be referenced from
GEO SuperSeries: GSE106334.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Rapid reprogramming yields developmentally highly competent iPSCs

Developmental pluripotency is established before the first passage of nascent
iPSCs

Nascent iPSCs transit through a unique cellular state poised toward
differentiation
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Figure 1. Acquisition of Developmental Pluripotency in a Highly Efficient Reprogramming
System

(A) Colonies after six days of reprogramming in indicated conditions (left) and after dox/3c
withdrawal plus four more days of culture in mMESC media (right).

(B) Agouti all-iPSC mice derived upon injection of 3¢ iPSCs into 4n CD1 blastocysts.

(C) Viable animals obtained upon 4n injection with indicated cell types. Circles represent
the average results obtained with a clonal line.

(D) Agouti pups after breeding all-iPSC mice with CD1 females.

(E) Experimental strategy to determine when cells acquire the ability to generate all-iPSC
mice.

(F) All-iPSC mice obtained with polyclonal cells at indicated reprogramming stages. A
Mann-Whitney test followed by Bonferroni correction was used to measure statistical
significance after accounting for technical failure as outlined in the Experimental
Procedures.

(G) All-iPSC mice obtained with purified Oct4-GFP* S1 and S2 cells. Significance is based
on a Mann-Whitney test.

Significance is indicated by *p < 0.05 and reflects the higher p value obtained for each
comparison from two independent statistical tests.
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Figure 2. Self-Renewal and EB Formation of Nascent iPSCs
(A) Colonies obtained upon seeding 500 cells from the indicated stages into mESC medium.

(B) Colony formation after single-cell sorting of Oct4-GFP* cells. Error bars indicate SE. n
= 3 complete 96-well plates per stage.
(C) EBs formed from 2,000 S2 cells and 800 established iPSCs, respectively.

(D) Flow cytometric quantification of SSEAL expression on undifferentiated S2 cells and
iPSCs and EBs, respectively. n = 3.
(E) Expression of pluripotency regulators in undifferentiated S2 cells and iPSCs (n = 2) and
EBs (n = 3), measured by gPCR.
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Significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, based
on a one-way ANOVA with Tukey post-test (B), a t test (D), and a two-way ANOVA with
Sidak post-test (E).
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Figure 3. Molecular Characterization of Cells at Specific Reprogramming Stages
(A and B) Unsupervised clustering of MEFs, and Oct4-GFP* S1 cells, S2 cells and iPSCs

based on ATAC-seq (A) and RNA-seq data (B).
(C) Heatmap showing expression kinetics of pluripotency-associated genes based on
pairwise comparisons. Representative genes of the five major groups identified (groups 1-V)

are shown.
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(D) ATAC-seq tracks showing examples of stage-specific chromatin accessibility at select

gene loci.

(E) Row scaled prevalence of TF binding motifs enriched at ATAC-seq peaks belonging to

the indicated groups and their prevalence in randomly chosen background genomic

sequences matched for GC percent content.

(F) Abundance of mRNAs of TFs shown in (E) as measured by RNA-seq.
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Figure 4. Expression of the Otx2 Locus during the Acquisition of Pluripotency
(A) The strategy to generate the Otx2-RFP reporter.
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(B) Percent of Oct4-GFP*EpCAMHMICH cells that reactivate Otx2-RFP expression at the

indicated days of 3c reprogramming.

(C) Quantification of Oct4-GFP* cells that express Otx2-RFP in S2 cells (n = 6) and iPSCs

(n =5). Significance is indicated by **p < 0.01, based on a t test.

(D) Otx2-RFP expression in S2 cells and established iPSCs. iPSCs harboring only the Oct4-

GFP allele were used as controls.

(E) All-iPSC mice obtained upon injection of Otx2-RFP*Oct4-GFP* S2 cells and iPSCs,
respectively. Significance is indicated by *p < 0.05, based on a Mann- Whitney test.

(F) Representative image of an E14.5 all-iPSC embryo obtained with purified Otx2-RFP S2

cells. The developing brain is a known area of Ofx2expression.
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Figure 5. Kinetics of Functional, Transcriptional, and Chromatin Accessibility Changes during
iPSC Formation from Murine Fibroblasts
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