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SUMMARY

Chemical reprogramming provides a powerful plat-
form for exploring the molecular dynamics that
lead to pluripotency. Although previous studies
have uncovered an intermediate extraembryonic
endoderm (XEN)-like state during this process, the
molecular underpinnings of pluripotency acquisition
remain largely undefined. Here, we profile 36,199
single-cell transcriptomes at multiple time points
throughout a highly efficient chemical reprogram-
ming system using RNA-sequencing and recon-
struct their progression trajectories. Through identi-
fying sequential molecular events, we reveal that
the dynamic early embryonic-like programs are
key aspects of successful reprogramming from
XEN-like state to pluripotency, including the
concomitant transcriptomic signatures of two-cell
(2C) embryonic-like and early pluripotency pro-
grams and the epigenetic signature of notable
genome-wide DNA demethylation. Moreover, via
enhancing the 2C-like program by fine-tuning
chemical treatment, the reprogramming process is
remarkably accelerated. Collectively, our findings
offer a high-resolution dissection of cell fate dy-
namics during chemical reprogramming and shed
light on mechanistic insights into the nature of
induced pluripotency.

INTRODUCTION

Induced pluripotency, which represents a remarkable reversion
of developmental programs to embryonic transcriptome states,
can be achieved by either somatic cell nuclear transfer (SCNT)
(Gurdon, 1962) or transgene induction of defined transcription
factors, originally Oct4, Sox2, Kif4, and c-Myc (OSKM) (Takaha-
shi and Yamanaka, 2006). In 2013, our group reported a funda-
mental approach to induce mature cells into pluripotent stem
cells (PSCs) using only small molecules, which is also known
as chemical reprogramming (Hou et al., 2013). As a non-inte-
grating and oncogene-free strategy, chemical reprogramming
not only opens promising avenues for cell therapy and disease
modeling but also provides an excellent platform for interro-
gating mechanisms of cell fate decisions and early develop-
mental programs (Takahashi and Yamanaka, 2016; Xu et al.,
2015a). Despite extensive efforts toward elucidating OSKM-
induced reprogramming, the molecular principles underlying
chemical reprogramming need to be further deciphered.

We previously demonstrated that, in contrast to OSKM-
induced reprogramming, the first cornerstone of chemical re-
programming is the formation of plastic XEN-like cells marked
by Gata4, Gata6, and Sox17, which resemble the extraembry-
onic endoderm (XEN) cells of the blastocyst at the preimplanta-
tion stage in terms of transcriptome, developmental ability, and
reprogramming potential (Li et al., 2017; Ye et al., 2016; Zhao
et al., 2015, 2016). Recently, our findings were also confirmed
by other groups (Cao et al., 2018; Ping et al., 2018) using a similar
small molecule cocktail that targets the same pathways identi-
fied by our group. While regarded as the most important part
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of reprogramming, little was known about the molecular
dynamics that led to the gradual establishment of complete plu-
ripotency network. Due to the high heterogeneity of the cell pop-
ulation being reprogrammed, it was difficult to capture the small
fraction of cells on the “right” route to chemically induced
pluripotent stem cells (CiPSCs). Moreover, traditional bulk RNA
profiling provided the average transcriptional information of the
whole population, which prevented us from dissecting the minor
populations that were progressing toward pluripotency.

Dissection of sophisticated biological processes at the single-
cell resolution facilitates the capture of transcriptional snapshots
of infrequent occurrences. Recently, the droplet-based single
cell RNA sequencing (scRNA-seq) platform, which has unsur-
passed advantages, was used as a powerful tool to analyze
the genome-wide gene expressions of thousands of single cells
in a single experiment (Zheng et al., 2017). We reasoned that
high-throughput scRNA-seq analysis of a more efficient process
would greatly help us to deconstruct the cellular heterogeneity
during chemical reprogramming and infer the reprogramming
trajectory across stages.

In this study, we employed high-throughput scRNA-seq to
systematically analyze the molecular and cellular dynamics of
a newly established chemical reprogramming system that gener-
ated CiPSCs with high efficiency. We characterized a series of
transitional transcriptional waves throughout the reprogramming
process and identified a unique early embryonic-like gene
network and epigenetic status as the key molecular events that
led to successful reprogramming. Finally, using the 2C-like pro-
gram as an indicator of late transition, the chemical reprogram-
ming process was notably accelerated.

RESULTS

Establishment of a Highly Efficient System for Chemical
Reprogramming from XEN-like State to Pluripotency

To establish a more efficient system and a more homogeneous
reprogrammed population that facilitate single-cell analysis, we
attempted to adapt several conditions from embryonic stem
cell (ESC) culture system for chemical induction. The previous
XEN-like cell to CiPSC reprogramming system, which relied on
serum and serum replacement in stage Il (hereinafter referred
to as the FBS/KSR-SII condition), generated up to ~500 CiPS
colonies at the end of stage lll from 100,000 re-plated cells
from stage | (Figures 1A and S1A) (Zhao et al., 2015). We found
that when re-plated cells were reprogrammed at low density
on feeder cells with N2B27-based medium supplemented with
LIF, vitamin C, and the same small molecules applied in FBS/
KSR-SII condition (hereinafter referred to as the N2B27-SlI con-
dition, see Method Details) (Figures 1A and S1A), over 500 CiPS
colonies were generated at the end of stage Ill from 1,000 re-
plated cells (100-fold greater efficiency than that of FBS/KSR-SII
condition) (Figures 1B and 1C).

Due to the presence of non-XEN-like cells in re-plated cells,
we set to determine the accurate reprogramming potential of
each XEN-like cell by single cell reprogramming with a XEN-
like cell line. Single-cell sorting and reprogramming of this
cell line in 96-well plates under FBS/KSR-SII condition yielded
colonies that were unable to generate CiPSCs (Figure 1D),
consistent with its low efficiency in inducing bulk reprogram-
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ming (<1%) (Figure 1B). In contrast, up to 90% of the colonies
induced from single XEN-like cells under N2B27-Sll condition
were capable of generating CiPSCs (Figures 1D and S1B).
Characterization showed that the CiPSCs generated with
N2B27-Sll condition were fully reprogrammed (Figures S1C,
S1D, and S7F). Collectively, these results demonstrated that
the adaptations made based on ESC culture conditions sub-
stantially facilitated the access to pluripotency from XEN-like
state, by which nearly all XEN-like cells gained the potential
to be reprogrammed into CiPSCs, offering a tractable platform
for further dissection.

High-Resolution Dissection of Chemical

Reprogramming from Somatic Cells to Pluripotent Stem
Cells using scRNA-Seq

Next, we analyzed the reprogramming trajectories by measuring
single-cell gene expression profiles during chemical reprogram-
ming with Chromium system (10x Genomics), a high-throughput
and parallel droplet-based scRNA-seq platform (Zheng et al.,
2017). Sequencing data were obtained from 36,199 individual
cells at 12 time points throughout the reprogramming process
(Figure 2A), with 4,378 median genes and 82,255 mean confi-
dently mapped reads per cell (Figures S2A-S2D). We projected
all single cells on t-distributed stochastic neighbor embedding
(t-SNE) plot and identified 6 transcriptionally distinct clusters:
MEFs, reprogrammed cells in stage |, XEN-like cells, further re-
programmed cells in stage Il and lll, CiPSCs, and Ci2C-like cells
(discussed below) (Figures 2B, S2E, and S2F).

To further identify the cell population primed toward pluripo-
tency at a higher resolution, we refined clustering analyses at
each reprogramming stage. As reported previously (Zhao
et al., 2015), XEN genes Sox77 and Sall4 were successively
activated in stage | and reached maximal expression levels in
XEN-like cells, in contrast with the gradual downregulation of
fibroblast genes (Figures 2C and S2G). In stage Il, the activation
of pluripotency genes such as Oct4 and Dppa2 was concomitant
with a gradual downregulation of XEN genes (Figures 2D and
S2H). However, Sall4 remained at a high expression level
throughout the induction from XEN-like cells to CiPSCs (Figures
2C-2E). At as early as stage Ill D3, CiPSCs were generated (Fig-
ures 2F and S2F). They continued forming and further growing
and were present as large colonies at the end of stage Il (Fig-
ure 1C), which constituted the major cell type (~77% of the
whole population, Figures 2F and S2F). The majority of remaining
cells at stage Ill remained a high expression level of XEN genes,
such as Sox17 and Gata4 (Figures 2E and S2I).

Interestingly, a unique cell cluster was identified in stages Il
and lll, accounting for ~4% of the whole population around the
end of stage Il (Figures 2F and S2F). This cluster was marked
by the expression of genes including Zscan4 family members
and Tcstv1 albeit at varied levels (Figures 2C-2E, S2H, and
S2l), all of which were reported to be restricted to express in
the 2C embryos at the preimplantation developmental stage
(Deng et al., 2014; Falco et al., 2007; Tang et al., 2011) or in a
minor cell subpopulation in ESC culture termed as 2C-like (ES-
2C-like) cells (Eckersley-Maslin et al., 2016; Falco et al., 2007,
Macfarlan et al., 2012; Zhang et al., 2016b). Accordingly, we
designated these 2C gene-expressing cells in chemical reprog-
ramming as chemically induced two-cell embryonic-like cells
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Figure 1. Establishment of a Highly Efficient System for Chemical Reprogramming from XEN-like State to Pluripotency

(A) Schematic diagram of reprogramming system with FBS/KSR-SII condition (Zhao et al., 2015) or N2B27-SlII condition (inducing XEN-like cells at low density on
feeders in N2B27-based medium) (this study). Green indicates pOct4-GFP* (OG™) cells.

(B) Reprogramming efficiency induced with FBS/KSR-SII and N2B27-SlI condition (n = 3).

(C) Typical CiPS colonies induced under N2B27-SlII condition at stage Ill D6 and D21. Scale bar, 200 pm.

(D) Comparison of single-cell reprogramming of individual tdTomato-labeled XEN-like cells with OG reporter under FBS/KSR-SII and N2B27-SlI condition
(2 replicates of 96-well plate for each condition). CiPSC conversion efficiency was 91.1% + 0.2% for N2B27-SlI condition. Red, wells with colonies but no CiPSCs.

Green, wells with CiPSCs. White, wells without colonies.

The data are presented as the mean + SD. Significance was assessed compared with the controls using a one-tailed Student’s t test. **p < 0.001.

See also Figure S1.

(Ci2C-like cells) and referred to their top 100 upregulated genes
as the 2C-like program (Figures 2D, 2E, and 6B; Table S1).

Reconstruction of Chemical Reprogramming Trajectory
in a Pseudotime Manner

The gene expression profiling data of all the single cells allowed
us to deconstruct the population heterogeneity and reconstruct
the reprogramming trajectory. We ordered cells in a pseudo-
temporal manner using Monocle 2, an algorithm for the lineage
reconstruction of biological processes based on transcriptional
similarity (Qiu et al., 2017).

We found that MEFs progressed toward the XEN-like state
during stage | induction before bifurcation (pre-branch) (Figures
3A and S3A), which confirmed our previous findings that
CiPSCs were exclusively generated from XEN-like cells (Zhao
et al.,, 2015). However, shortly after XEN-like cell formation,
cells bifurcated into two diverse branches, representing two
major cell lineages in the late reprogramming stage (Figure 3A).
The cells in one terminal expressed pluripotency genes (Fig-
ure 3B) and shared a highly similar global expression profile

with ESCs (Figure S3B), representing successfully reprog-
rammed CiPSCs in the successful branch. Meanwhile, the cells
in another terminal maintained high expression levels of XEN
genes, representing unsuccessfully reprogrammed cells with
a remaining XEN-like program in the failed branch (Figures
3B, 3C, 3D, and S3D). In addition to gene expression, we
analyzed the gene regulatory relationships in terminal cells us-
ing SCENIC, an algorithm for identifying cell state based on the
reconstructed gene regulatory network (GRN) activities (Aibar
et al.,, 2017). Two regulon (a group of co-expressed genes
regulated by a transcription factor) clusters were clearly identi-
fied to represent successful (pluripotency regulons) and failed
(XEN regulons) terminal cells, respectively (Figure S3C), con-
firming the results of gene expression analysis.

To gain insights into the gene expression dynamics along the
trajectory, we analyzed the expression changes of 1,518 top
differentially expressed genes (DEGs) and observed five major
categories of transcriptional gene clusters in characterized pat-
terns (Figures 3C-3E, 4A, and S3D; Table S2). We next analyzed
the successful trajectory (blue lines). Genes in cluster | (fibroblast
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Figure 2. High-Resolution Dissection of Chemical Reprogramming from Somatic Cells to Pluripotent Stem Cells using scRNA-Seq

(A) Schematic diagram of scRNA-seq analysis strategy during chemical reprogramming. Overall, 963, 3,824, 4,739, 1,068, 2,367, 2,763, 3,729, 2,879, 2,366,
3,530, 3,377, and 4,594 cells were analyzed for MEFs, SI D5, SI D12, XEN-like cells, SIl D8, Sll D12, Slil D3, Slil D6, Slil D8, Slll D10, Slil D15, and Slil D21
(indicated by different colors), respectively. Cells were re-plated on feeders at stage | D12. The flow chart of the scRNA-seq analysis was adopted from 10x

Genomics.

(B) t-SNE projection of all 36,199 individual cells during the whole reprogramming process, colored by indicated time points. Feeder cells are presented as

black dots.

(C) Expression of genes in 4 different categories at the indicated time points.
(D) t-SNE projection of cells and typical gene expressions in stage Il.

(E) t-SNE projection of cells and typical gene expressions in stage lll.

The XEN-like and pluripotency program is the average expression of top 100 upregulated genes in XEN-like or CiPS cells relative to all cells, respectively.

(F) Percentages of CiPS cells and Ci2C-like cells at different time points.
See also Figure S2.

genes) were gradually downregulated from the beginning of
reprogramming and were largely involved in the regulation of bio-
logical processes such as “collagen fibril organization” (e.g.,
Thy1, Twist1, and Col6al) (Figures 3C-3E and S3D). Subse-
quently, cluster Il and lll genes were transiently upregulated but
finally downregulated, representing two temporary transcriptional
waves (i.e., XEN genes and 2C genes) (Figures 3C-3E and S3D).
Concurrent with cluster lll activation, cluster IV genes (early plurip-
otency genes) were upregulated and maintained at high expres-
sion levels until the final stage (e.g., Dppa family, Kif2, and Oct4)
(Figures 3C-3E and S3D). Finally, cluster V genes (late pluripo-
tency genes) were activated at the end of reprogramming with
predominant involvement in the GO term “stem cell population
maintenance” (e.g., Sox2 and Nanog) (Figures 3C-3E and S3D).
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In addition to the scRNA-seq approach, we further confirmed
the sequential activation of major molecular events by bulk RNA
profiling (Figure S3E). Therefore, these data depicted the trajec-
tory of chemical reprogramming and revealed the ordered acti-
vation of transcriptional waves throughout this process.

2C-like Program Activation, Pluripotency Program
Upregulation, and XEN-like Program Downregulation
Represent Late Molecular Series in Successful
Reprogramming

Because the reprogramming trajectory bifurcated into two
branches at the late stages, we tried to elucidate the molecular
dynamics that distinguished two branches. Four major gene
clusters were identified accounting for the distinctions, including
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(A) Trajectory reconstruction of all single cells throughout chemical reprogramming reveals three branches: pre-branch (before bifurcation), successful branch,
and failed branch (after bifurcation). Blue and red circles indicate cells at the terminus of the successful and failed branches, respectively.

(B) Violin plot displaying the expression of representative XEN and pluripotency genes in indicated cell types.

(C) The expression dynamics of 1,518 top DEGs were cataloged into 5 major clusters in a pseudotime manner shown as blue lines (successful reprogramming)
and red lines (failed reprogramming). Thick lines indicate the average gene expression patterns in each cluster.

(legend continued on next page)
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the inability to downregulate cluster Il genes and the failure to up-
regulate cluster Ill/1V/V genes in the failed reprogramming trajec-
tory (red line) (Figures 3C-3E). Coincident with this result, XEN,
2C, and pluripotency genes were identified as top DEGs be-
tween the two branches after bifurcation at late stage (Figures
3B and S4A; Table S3).

To investigate the sequential changes of all DEGs, we
analyzed their expression patterns by dividing cells after bifurca-
tion into two classes: earlier stage (class A) and later stage
(class B) (Figure 4A). In comparison with the failed ones, suc-
cessful branch cells in class A expressed higher levels of genes
enriched for the GO terms “positive regulation of cell prolifera-
tion,” “negative regulation of differentiation,” and “stem cell
maintenance,” including almost all 2C genes and some early plu-
ripotency genes, such as the Dppa family (Figures 4A-4C).
Downregulated genes were strongly enriched for mesendoderm
development regulators such as XEN genes (Figures 4A, 4B, and
4D). Together, these unique gene expression patterns character-
ized the earliest transcriptomic events indicating CiPSC genera-
tion. Subsequently, the cells in class B of successful branch
acquired pluripotency by further silencing XEN gene expressions
and activating the late pluripotency genes (Figures 4A and
S4B-S4D).

Next, we investigated the different gene regulatory relation-
ships in late reprogramming stage. Consistent with the gene
expression analysis (Figure 2E), Nanog and Sox17 regulons
were predominantly presented in CiPSCs and failed reprog-
rammed cells, respectively, distinguishing the pronounced het-
erogeneity in stage lll (Figure 4E). Apart from CiPSCs, the Oct4
regulon was also present in the intermediate cells expressing
2C genes and early pluripotency genes Dppa family (Figures
2E, 4E, and S2l), suggesting that Oct4 may act in concert with
these genes to facilitate pluripotency acquisition. In addition,
we projected cells in stage Ill on t-SNE plot based on different
regulon activities (Figure S4E) and obtained results similar to
those based on gene expression profiling (Figure 4E), further
supporting our findings.

In addition to bioinformatics analyses (successful versus failed
branch), we intended to experimentally identify the intermediate
transcriptional signatures of reprogramming. The N2B27-SlI
condition, which yields 100-fold greater CiPSC generation effi-
ciency than FBS/KSR-SII condition (Figure 1B), significantly
stimulated the expression of genes that highly overlapped the
upregulated genes in class A of successful branches at the
end of stage Il (Figures 4F and S4F; Table S4). These included
2C genes (e.g., Zscan4d, Tcstvl) and early pluripotency
genes (e.g., Oct4, Dppa family), confirming their important
roles in successful trajectory. We further compared two groups
of cells with great differential reprogramming efficiency:
OG*PDGFRA°"/~PECAM1~ versus unsorted cells (Figures
S51-S5K; Table S5) and optimal VPA treatment versus control
(Figures 7C-7H; Table S6), obtaining the similar panel of upregu-
lated genes. Moreover, we compared the commonly upregu-
lated (>4-fold) genes in four groups of cells and surprisingly

found that all of them (n = 15) belonged to the 2C-like program
with no exception (Figure 4G; Table S1), further suggesting a
strong positive correlation between reprogramming potential
and 2C gene expression.

Finally, we constructed the gene network based on pairwise
correlation of the top DEG expressions in progressive cell
fate transitions from XEN-like state to pluripotency (Figure 4H).
Three subnetworks were revealed chronologically, in which the
XEN subnetwork connected with 2C genes and early pluripo-
tency genes connected with the pluripotency subnetwork. The
sequential switch of transcriptional circuits highlighted the inter-
mediate subnetwork as the bridge linking XEN-like state to plu-
ripotency, which consisted of several 2C genes (Zscan4c,
Zscandf, Tcstv1, Testv3, Lmx1a, and Sp110) and early pluripo-
tency genes (Dppa2, Dppa3, Dppa4, Kif2, and Gm13154) (Fig-
ure 4H). Due to the similar expression patterns observed
between Oct4 regulon and these intermediate genes (Figures
2E, 4E, and S2I), we examined the co-expression of representa-
tive genes Zscan4c, Dppa2 with Oct4. At the end of stage Il, 3%
of cells were identified to be triple positive for these three genes,
68% of which were Ci2C-like cells (Figure 4l), suggesting the
predominant enrichment of the co-expressions in Ci2C-like
cells. On the other hand, 52% of Ci2C-like cells were found to
co-express Zscan4c, Dppa2, and Oct4 (Figures S4G and S4H).

Together, these findings depicted the sequential molecular
dynamics that lead to successful reprogramming and identified
the key intermediate subnetwork that bridges XEN-like state to
pluripotency. Importantly, all of the intermediate subnetwork
genes including 2C genes (express at the 2C stage) and
early pluripotency genes (express from the 2C stage to blasto-
cysts) exhibited expression patterns at late chemical reprogram-
ming stages that were similar to early embryogenesis from
the 2C stage to blastocyst (Figure 4J), implying the critical
role of remarkable early embryonic transcriptional signature in
acquiring chemically induced pluripotency.

Transcriptomic and Epigenetic Signatures of Early
Embryos Mediate Late Reprogramming Process

To verify the function of intermediate subnetwork as well as its
relationship with Oct4 in late reprogramming stage, we per-
formed knockdown experiments of the representative genes
during reprogramming from XEN-like cells to CiPSCs (Fig-
ure S5A). CiPSC generation was significantly impaired by the
knockdowns of either 2C gene Zscan4 or early pluripotency
genes Oct4, Dppa2, and Dppa4 (Figure 5A). Moreover, interfer-
ence with Oct4, Dppa2, or Dppa4 severely disrupted the expres-
sions of early pluripotency and 2C genes and consequently
resulted in failure activation of the late pluripotency gene Nanog
(Figure 5B). Although the disturbance of Zscan4 or Tcstvi by
knockdown greatly decreased CiPSC generation (Figure 5A),
they led to a relatively less reduction of early pluripotency gene
expressions at the end of stage Il (Figure S5B). This was possibly
because of the relatively small proportion of Zscan4* cells
within the whole population and the expression of these early

(D) Gene signatures and expression dynamics of representative genes in each gene cluster.
(E) Gene ontology analyses of each gene cluster. Pos. reg., positive regulation; Neg. reg., negative regulation; Trans., transcription; Telom. maint., telomere

maintenance.
See also Figure S3.
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Figure 4. 2C-like Program Activation, Pluripotency Program Upregulation, and XEN-like Program Downregulation Represent Late Molecular
Series in Successful Reprogramming

(A) Gene expression heatmap of 1,518 top DEGs (cataloged in five clusters) in a pseudo-temporal order. Successful and failed reprogramming trajectories
(including pre-branch) are shown on the right and left, respectively. Class A and B indicate cell populations at earlier stage and later stage after bifurcation,
respectively. Representative genes are shown on the right.

(B) Volcano plot displaying the DEGs in class A cells between the successful and failed branch. Representative 2C (green), early pluripotency (orange), and XEN
(blue) genes are indicated. 2C-like program genes are highlighted as green dots. Gray dots represent non-DEGs (<2-fold change).

(C) GO analysis of upregulated genes in class A cells comparing the successful with failed branches.

(D) GO analysis of downregulated genes in class A cells comparing successful with failed branches. 2C, early pluripotency and XEN genes are included in green,
orange, and blue GO terms, respectively.

(E) t-SNE plot displaying Sox17, Oct4, and Nanog regulons (red dots, active; gray dots, inactive) as well as their intensity distributions in stage Ill.

(F) MA plot displaying DEGs comparing the N2B27-SIl with FBS/KSR-SII conditions at the end of stage Il. Pink dots represent genes that are differentially
expressed by >2-fold.

(G) Venn diagram showing the overlap of upregulated (>4-fold) gene numbers and corresponding percentages of gene number in 2C-like program (in at least 3
overlapping groups) in 4 groups with differential reprogramming potential. All (15 genes) of the commonly upregulated genes in the 4 groups are included in the
2C-like program, some of which are highlighted.

(legend continued on next page)
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pluripotency gene in Zscan4™~ cells (Figures 2E, 41, S2H, and S2I).
To further examine whether 2C genes were capable of regulating
early pluripotency genes, we performed genetic overexpression
using a doxycycline (dox)-inducible system in a fast but ineffi-
cient reprogramming system (Figure S5A). Transient ectopic
expression of Zscan4c or Zscan4d was sufficient to enhance
the expression of Oct4, Dppa family and consequently boosted
reprogramming efficiency (Figures 5C and 5D). Similarly,
DPPA2, DPPA4, or OCT4 overexpression stimulated the expres-
sions of both 2C genes and early pluripotency genes and
enhanced iPS generation (Figures 5C and S5C). Collectively,
these data verified the mutual regulatory relationships of Zscan4,
Dppa2, Dppa4, and Oct4 and suggested that they formed a
critical intermediate gene network bridging XEN-like cells to
CiPSCs.

Next, we investigated the regulatory relationships controlling
cell fate transitions between major subnetworks. If the defined
intermediate subnetwork served as the next transcriptomic
event after XEN-like program, then Zscan4 (part of the network)
expression should be diminished by interfering with the XEN-like
state. Indeed, knockdown of XEN genes dramatically blocked
ZSCAN4* cells and subsequent CiPSC formation (Figure S5D).
As per the requirements of XEN-like program silencing and plu-
ripotency program establishment at the end of successful re-
programming (Figure 3B), SOX2 or NANOG overexpression in
stage Il significantly enhanced CiPSC formation, in contrast to
the blockade of reprogramming by GATA4 or GATA6 overex-
pression (Figure S5E), further confirming our bioinformatics anal-
ysis. Taken together, all the results of genetic loss and gain-
of-function studies revealed the chronological occurrence of
major transcriptional events from XEN-like state to pluripotency
(Figure 4H).

Due to the use of demethylation modulating compounds in
stage Il, we asked whether the DNA methylation was affected,
especially in Ci2C-like cells. We therefore established a XEN-
like cell line with a pZscan4c-Emerald (Em) reporter, which
generated ~4% positive (pZscand4c-Em*) cells at the end of
stage Il (Figures 5E and S5F), in accordance with the scRNA-
seq result (Figure 2F). As expected, pZscandc-Em* cells ex-
pressed higher levels of 2C genes as well as some early pluripo-
tency genes (Figures 5F and S5G). Moreover, pZscan4c-Em*
cells were able to generate CiPSCs (Figure 5G). Next, we
analyzed pZscan4c-Em* and pZscandc-Em~ cells via whole-
genome bisulfite sequencing (WGBS) at a single-base resolu-
tion. Interestingly, we found that both pZscan4c-Em* and
pZscan4c-Em™ cells exhibited a widespread loss of DNA
methylation (3.6% in pZscan4c-Em* cells and 4.7% in
pZscandc-Em™ cells) compared with the >50% methylation level
in XEN-like cells and CiPSCs (Figure 5H). The genome-wide
DNA demethylation occurred in all of the genome regions,
including promoters, CpG islands, and specific genes (Figures
51 and 5J). These results were further confirmed by an ELISA
detecting the 5mC levels in the unsorted cell population (Fig-
ure S5H). Together, these findings suggested that chemical in-

duction triggered notable global DNA hypomethylation of cells
in intermediate-late transitions, conferring a possible open chro-
matin status and unique epigenetic signature resembling that of
early embryogenesis and ES-2C-like cells (Baker and Pera,
2018; Eckersley-Maslin et al., 2016; Smith et al., 2012).

Finally, we tried to enrich cells with the intermediate subnet-
work by cell sorting and evaluate their reprogramming potential.
We sorted OG*PDGFRA™"/~PECAM1~ cells and found that they
expressed higher levels (2.5- to 10-fold higher) of intermediate
subnetwork genes than unsorted cell population, suggesting
the substantial enrichment of the gene network (Figures 4G
and S5I; Table S5). Importantly, single cell or bulk reprogram-
ming showed that the OG*PDGFRA°"~PECAM1~ population
exhibited greater CiPSC generation potential compared with
the unsorted cell population (Figures S5J and S5K). These re-
sults indicated that enrichment of the intermediate subnetwork
could improve CiPSC generation potential.

Ci2C-like Cells Shared Similar, but Not Identical, Gene
Expression Profiles to Those of the 2C Embryos and
2C-like Cells in ESC Culture

To better understand the Ci2C-like cells, we compared their
gene expression profile with those of ES-2C-like cells and 2C
embryos. First, we sequenced the transcriptomes of 7,748
ESCs at the single-cell level and identified 123 ES-2C-like cells
that highly expressed 2C genes (~1.6%) (Figure S6A), consis-
tent with the reported frequency of Zscan4c::eGFP* cells in
ESCs (Eckersley-Maslin et al., 2016). Through unsupervised hi-
erarchical clustering analysis, Ci2C-like cells were found to
exhibit gene expression profiles that were remarkably more
similar to ES-2C-like cells than to major ESCs, CiPSCs,
MEFs, or XEN-like cells, in contrast with the non-Ci2C-like cells
that clustered together with XEN-like cells (Figure 6A). Then, we
assessed the transcriptional similarity of the Ci2C-like cells us-
ing reported datasets for ES-2C-like cells (Eckersley-Maslin
et al., 2016) and found that ~52% of ES-2C-like cell-specific
genes were upregulated (>2-fold) in the Ci2C-like cells
compared with the non-Ci2C-like cells (Figure S6B). Moreover,
the expression pattern of Ci2C-like cells also exhibited a higher
similarity with the reported ES-2C-like cells (Eckersley-Maslin
et al.,, 2016; Macfarlan et al., 2012) than with other cell types
(Figures 6A and S6C).

Next, we benchmarked the expression of 2C-like program
against the single-cell RNA sequencing (RNA-seq) data of early
embryo at several preimplantation stages (Deng et al., 2014).
Surprisingly, most of the genes in chemically induced 2C-like
program (>95%) culminated their expression levels at the 2C
stage, suggesting striking enrichment of the 2C-like program in
2C embryos (Figure 6B). In addition, ~33% of the 110 genes
that were specifically expressed in 2C embryos (Deng et al.,
2014) were expressed higher (>2-fold) in Ci2C-like cells
compared with non-Ci2C-like cells, and most of the remaining
genes were not differentially expressed (Figure 6C). Moreover,
Ci2C-like cells clustered together with 2C embryos (Deng

(H) Gene correlation network during reprogramming progression from XEN-like state to pluripotency.
(I) Pie chart displaying the number (n) and percentage (p) of cells co-expressing indicated panel of genes at the end of stage II.
(J) Expression of intermediate subnetwork genes in early embryo development (Deng et al., 2014).

See also Figure S4.
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Figure 5. Transcriptomic and Epigenetic Signatures of Early Embryos Mediate Late Reprogramming Process

(A) Relative CiPSC generation efficiency with the knockdowns of intermediate subnetwork genes (n > 2). The reprogramming efficiency of shControl (non-
targeting vector) is 20%-50%.

(B) The relative expression of representative marker genes detected at stage Ill D5 after the knockdowns with the indicated shRNA (n = 2).

(C) Number of iPS colonies generated with transient overexpression of intermediate genes (stage Il plus the early 4 days of stage Ill) during a fast reprogramming
system from XEN-like cells to CiPSCs (n > 2).

(D) The relative expression of intermediate subnetwork genes after overexpression of Zscan4c and Zscan4d (n = 2).

(E) A typical pZscan4c-Em* colony at the end of stage Il. Scale bar, 100 pm.

(F) Scatterplots comparing the global gene expression profile of pZscan4c-Em* and pZscan4c-Em™ cells analyzed by RNA-seq. 2C-like program is highlighted as
green dots and some red dots.

(G) Atypical CiPS colony (positive for SOX2 protein, with scattered pZscan4c-Em* cells) generated from pZscan4c-Em™* cells sorted at the end of stage II. Scale
bar, 100 um.

(H) Global CpG methylation level measured by WGBS in four indicated cell types.

(I) Heatmap for CpG methylation at genomic elements in four indicated cell types. DNA methylation percentages of individual CpG sites are shown. “n” represent
the numbers of the region sets.

(J) CpG methylation across part of chromosome 7 (~11 Mb) in four indicated cell types analyzed by WGBS. Each bar indicates a CG site, and the height of each
bar represents the methylation percentage (0%-100%). Annotations below show the location of CpG islands and representative genes (Zscan4a/b/c/d/f are
highlighted).

Experiments were performed on purified XEN-like cells unless otherwise indicated. The data are presented as the mean + SD. Significance was assessed
compared with the controls using a one-tailed Student’s t test. ***p < 0.001; *p < 0.05. See also Figure S5.
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Figure 6. Ci2C-like Cells Shared Similar, but Not Identical, Gene Expression Profiles to Those of the 2C Embryos and 2C-like Cells in ESC Culture
(A) Unsupervised hierarchical clustering of the indicated cell types: cells in this study (Ci2C-like cells, non-Ci2C-like cells, CiPSCs, XEN-like cells in chemical

reprogramming, ESCs, ES-2C-like cells, MEFs) and in reported datasets (2C
Zscand4c*MERVL™ cells] [Eckersley-Maslin et al., 2016]).

embryo [Deng et al., 2014; Tang et al., 2011] and ES-2C-like cells [Zscan4c™ and

(B) Heatmap displaying the expression of 2C-like program in mouse preimplantation embryos across different stages (Deng et al., 2014) and five cell types in

chemical reprogramming.

(C) Scatterplot showing the expression of 110 2C embryo-specific genes (>8-fold higher expression level at the 2C stage than other developmental stages,

analyzed from the dataset of (Deng et al., 2014)) in Ci2C-like cells and non-Ci

2C-like cells.

(D) The dynamic expression of MERVL at multiple time points during chemical reprogramming analyzed by bulk RNA-seq.
(E) The expression of MERVL in pZscan4c-Em* and pZscan4c-Em™ cells at the end of stage Il

See also Figure S6.

et al., 2014; Tang et al., 2011) in an unsupervised hierarchical
clustering analysis, suggesting similarity of their global expres-
sion profile (Figure 6A).

In addition, we examined another feature of 2C embryos, the
expression of transposable element mouse endogenous retro-
viral element (MERVL) (Macfarlan et al., 2012) via bulk RNA-
seq. MERVL exhibited a expression pattern similar to that of
the 2C-like program, with its expression level peaking at the
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end of stage Il (Figures 6D and S3E). Moreover, MERVL expres-
sion was significantly enriched in pZscandc-Em* cells (Fig-
ure BE), suggesting the co-expression of MERVL with 2C-like
program. Another unique phenomenon observed in ES-2C-like
cells and 2C embryos is the presence of transcript for Oct4 but
absence for the OCT4 protein (Eckersley-Maslin et al., 2016;
Macfarlan et al., 2012). Similarly, we found that ZSCAN4 was
co-stained with pOct4-GFP at the end of stage Il in chemical
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Figure 7. Substantial Acceleration of Chemical Reprogramming by Enhancing the 2C-like Program

(A) gPCR analyses of gene expression at stage Ill D4 induced by removing essential small molecules in N2B27-SlII condition (n = 3).

(B) Number of CiPS colonies under the indicated conditions at stage Ill D12 (n = 3).

(C) Schematic diagram of the 14-day reprogramming system with N2B27-Sll condition (control), or with doubled VPA concentration (con.) in stage Il and
additional VPA treatment in the early 4 days of stage Ill (optimal VPA treatment, opt. VPA for short).

(D) gPCR analyses of 2C and pluripotency gene expression at stage Ill D4 induced with control or opt. VPA (n = 3).

(E) Number of ZSCAN4* cells at stage Ill D4 induced with control or opt. VPA analyzed by immunostaining (n = 2).

(F) Scatterplot displaying the expression of the 2C-like program genes in cells at stage Il D4 with control or opt. VPA.

(G) Number of CiPS colonies induced with control or opt. VPA in 14-day reprogramming system from XEN-like colonies (n = 3).

(H) Number of CiPS colonies induced by opt. VPA or FBS/KSR-SII condition under a different combination of stage Il and Ill durations (n = 2).

(I) Typical primary CiPS colonies generated with the optimized 16-day reprogramming protocol beginning from MEFs. Scale bar, 200 um.

(J) Model for chemical reprogramming. Four major programs (MEF, XEN-like, early embryonic-like, CiPSC) are successively induced by small molecules
treatment at three stages. White line indicates the DNA methylation level throughout the process. We highlight the intermediate early embryonic-like program as
the bridge linking XEN-like state to pluripotency. Optimal VPA treatment augments 2C-like program (e.g., Zscan4 expression) and consequently enhances CiPSC
generation.

For (D)-(G), reprogramming system was shown in (C). The data are presented as the mean + SD. Significance was assessed compared with the controls using a
one-tailed Student’s t test. ***p < 0.001; **p < 0.01; *p < 0.05. See also Figure S7.
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reprogramming (Figure S6D), confirming the co-expression of
Oct4 with Zscan4c at the mRNA level (Figures 41, S4G, and
S4H). Moreover, ZSCAN4* cells were dispersedly present
in ~90% of colonies (Figure S6E), which agreed well with the
high percentage of colonies that expressed OG (Figure S6F).
The OG*ZSCAN4* cells lacked OCT4 protein (Figure S6D),
further supporting the similarity of Ci2C-like cells with ES-2C-
like cells and 2C embryos.

Taken together, our comprehensive comparison revealed that
Ci2C-like cells exhibit molecular features that are highly similar to
those of 2C embryo and ES-2C-like cells, including transcrip-
tomic similarity, the expression of endogenous retrotranspo-
sons, and widespread DNA hypomethylation. It was worthwhile
to mention that, compared with the ES-2C-like cells, Ci2C-like
cells expressed lower levels of late pluripotency genes and
higher levels of XEN genes as well as early pluripotency gene
Dppa3, suggesting a partially reprogrammed state with the re-
sidual XEN memory and incomplete establishment of the plurip-
otency network (Figure S6G).

Substantial Acceleration of Chemical Reprogramming
by Enhancing the 2C-like Program

Based on the intermediate gene network identified above, we
asked whether the 2C-like program could be further activated,
consequently enhancing the reprogramming process. First, to
identify the key factors responsible for 2C gene activation, we
removed small molecules individually from the N2B27-SlII condi-
tion. We found that the removal of CHIR99021 (GSK38 inhibitor),
decitabine (DNA methyltransferase inhibitor), or VPA (histone de-
acetylase inhibitor, HDACI) exclusively reduced the 2C gene ex-
pressions at the end of stage Il (Figure 7A) and subsequently
significantly impaired the generation of CiPSCs (Figure 7B). In
stage Ill, removal of PD0325901 (MEK inhibitor) resulted in
maintained expressions of Zscan4, little activation of Nanog (Fig-
ure S7A), and failed generation of CiPSCs (Figure 7B), suggest-
ing requirement of the transcriptional switch from the 2C-like
program to the late pluripotency program in final reprogramming
stage.

Although reprogramming was highly efficient under the
N2B27-Sll condition, the entire process consumed ~40 days,
of which more than 24 days involved the induction from XEN-
like cells to CiPSCs. Thus, we tried to accelerate the reprogram-
ming process by stimulating the expression of 2C-like program.
VPA was found to be indispensable for upregulating 2C genes
during chemical reprogramming (Figure 7A). Moreover, HDACi
has been reported to activate the 2C::tdTomato reporter (Mac-
farlan et al., 2012) and Zscan4 expression in ESCs (Ishiuchi
and Torres-Padilla, 2013). We therefore focused on VPA and
tested different concentrations and durations of VPA treatment
in a 14-day reprogramming system beginning with XEN-like col-
onies. Surprisingly, the optimal modulation of VPA treatment
involved in concentration increase in stage Il followed by a tran-
sient treatment in early 4 days of stage Ill (coincident with the
peak of 2C-like program transcriptional wave, Figures 2C and
S3E) (see Method Details; Figure 7C), which resulted in selective
upregulation of 2C genes (by ~10-fold) rather than pluripotency
genes (Figure 7D), and downregulation of XEN genes (Fig-
ure S7B). The upregulation of Zscan4 expression was confirmed
at the protein level by immunofluorescence (Figure 7E). More-
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over, RNA-seq revealed that optimal VPA treatment stimulated
the expressions of almost all genes in 2C-like program, with
57% of genes upregulated >2-fold (Figures 4G and 7F). Conse-
quently, the CiPSC efficiency was remarkably improved by up to
30-fold (Figure 7G). Strikingly, only 2 days of optimal VPA treat-
ment before switching to stage Ill medium was sufficient to
generate CiPSCs from XEN-like cells, unlike the FBS/KSR-SII
condition, which required a minimum of 6 days for induction
(Figure 7H).

Finally, we applied the N2B27-SII condition with optimal VPA
treatment to reprogram XEN-like cells directly induced from a
modified stage | medium (see Method Details) without re-plating
and feeder cells (Figures S7C and S7D). We robustly obtained
CiPSCs in ~20 days, and the minimum requirement for yielding
chimera-competent CiPSCs was 16 days (Figures 71 and S7E-
S7H). Collectively, these data not only corroborated the role of
the intermediate gene network during the transition from XEN-
like state to pluripotency but also allowed us to discover an
accelerated chemical reprogramming system by fine-tuning
the chemical treatment.

DISCUSSION

In chemical reprogramming, mature cells are induced to un-
dergo remarkable transcriptomic and epigenetic changes prior
to achieving pluripotency. A key question in reprogramming is
what molecular dynamics may lead to the establishment of full
pluripotency network. To answer this question, we applied
high-throughput single-cell RNA-seq to dissect the cell hetero-
geneity, identified the cell progression trajectory, and uncovered
the ordered reactivation of molecular events throughout chemi-
cal reprogramming. Interestingly, we identified an intermediate
gene network with a specific DNA methylation status resembling
early embryonic signatures before full reprogramming. More
importantly, based on these findings, we remarkably accelerated
the chemical reprogramming kinetics by boosting the 2C-like
program with HDACi.

Remarkably, our study discovered that early embryonic-like
programs mediated the cell fate transitions from XEN-like state
to pluripotency (Figure 7J). First, single-cell transcriptomic anal-
ysis revealed that the concomitant 2C-like program and early
pluripotency program were the earliest events differentially ex-
pressed in two trajectory branches shortly after XEN-like state,
forming an intermediate subnetwork that determined successful
reprogramming (Figures 4A-4C and 4H). The expression level of
the 2C-like program was well correlated with the reprogramming
potential across various comparisons (Figures 1B, 4B, 4F, 4G,
7D-7H, and S5I-S5K). Second, we experimentally verified the
important role of the gene network, which included Zscan4,
Oct4, Dppa2, and Dppa4, in the late transition from XEN-like
state to pluripotency (Figures 5A-5D and S5A-S5C). Importantly,
all of these genes in the intermediate subnetwork exhibited
expression patterns and regulatory relationships in late reprog-
ramming stage that were similar to those in early embryogenesis
from the 2C stage to blastocyst (Figures 4H and 4J) (Deng et al.,
2014; Huang et al., 2017). Moreover, we were able to greatly
boost CiPSC generation by enhancing the 2C-like program
through precisely controlling chemical treatment (Figures 7C-
71). Third, a widespread loss of DNA methylation was uncovered



in the intermediate cells before complete reprogramming (Fig-
ures 5H-5J and S5H), similar to the hallmark of global epigenetic
reprogramming observed in early embryogenesis (Baker and
Pera, 2018; Smith et al., 2012). This unique DNA methylation
pattern may indicate an open chromatin state with global erasure
of epigenetic memory and lay a critical epigenetic foundation for
achieving naive pluripotency, which exhibits global DNA hypo-
methylation (Leitch et al., 2013). Interestingly, several previous
studies have also reported upregulation of preimplantation tran-
scripts during OSKM-induced reprogramming; however, it re-
mains to be further investigated at the single-cell level whether
these programs were concurrent in a defined cell population,
how similar these programs might be to that of early embryos,
as well as their contributions to the establishment of pluripotency
and the epigenetic status (Cacchiarelli et al., 2015; Eckersley-
Maslin et al., 2016; Friedli et al., 2014). Our discoveries clearly
revealed that the nature of chemical reprogramming was a
transcriptomic and epigenetic signature reminiscent of early
embryogenesis and highlighted “dynamic early embryonic-like
programs” as key molecular events occurring at the late chem-
ical reprogramming stage.

2C embryos are totipotent at the early developmental stage
following fertilization when the landmark zygotic genome activa-
tion (ZGA) event occurs, which results from extensive epige-
nome reprogramming and represents the switch from a maternal
to a zygotic transcriptome (Liu et al., 2016; Minami et al., 2007;
Zhang et al., 2016a). Interestingly, a rare subpopulation known
as 2C-like cells was identified in ESC culture that expressed
2C genes and was distinguished from the major ESC population
by a special chromatin decompaction state (Akiyama et al.,
2015; Dan et al., 2017; Eckersley-Maslin et al., 2016; Macfarlan
et al., 2012). In this study, we unexpectedly discovered that so-
matic cells can also be chemically induced into 2C-like cells that
exhibit key molecular features of 2C stage: a similar global
expression profile (including a 2C-like program with over 95%
of the genes specifically expressed in 2C embryos) (Figures
6A-6C and S6A-S6C), the expression of the 2C embryo-specific
retrotransposable element MERVL (Figures 6D, 6E, S3E, and
S51), and global DNA hypomethylation (Figures 5H-5J). 2C
genes Zscan4 and Tcstv1, whose knockdown impaired CiPSC
formation, worked in concert as a network with the core reprog-
ramming factor Oct4 and kinetic-booster Dppa family (Xu et al.,
2015b) to mediate the pluripotency transition. In addition, 2C
genes may perform multiple critical functions that aid the late
reprogramming, because they are significantly enriched for the
GO terms “negative regulation of cell differentiation,” “positive
regulation of cell proliferation,” and “negative regulation of
apoptotic process” (Figures 3E, 4C, and S5G), and are reported
to facilitate telomere elongation (Akiyama et al., 2015; Dan et al.,
2017; Eckersley-Maslin et al., 2016), maintain genomic stability
in ESCs (Zalzman et al., 2010; Zhang et al., 2016b), and improve
the OSKM-iPSC quality (Jiang et al., 2013). Collectively, the
similar principle of cell fate determination in various systems
including two-cell embryo, ESCs, and somatic cell reprog-
ramming suggests a general role of the 2C-like program in medi-
ating cell fate determination involving the early developmental
transcriptome.

More importantly, using the 2C-like program as an indicator,
we were able to remarkably accelerate the chemical reprogram-

ming process, reducing the time required from 40 days to a min-
imum of 16 days, by enhancing the HDACi treatment (Figures
7C-71 and S7C-S7H). Coincident with our findings, HDACi has
also been reported to open chromatin and activate 2C-like tran-
scriptome in ESCs (Ishiuchi and Torres-Padilla, 2013; Macfarlan
etal., 2012) and in zygote-2C transition during the SCNT process
(Liu et al., 2018), suggesting the same principles of regulating 2C
program across various systems. Accordingly, it is worthwhile to
attempt further improvement of the reprogramming process by
manipulating other 2C-like state boosters such as CAF-1 (Ishiu-
chi et al., 2015), which also functioned as a booster in OSKM-
reprogramming system (Cheloufi et al., 2015). Finally, the
discovery of Ci2C-like cells and their reprogramming conditions
also suggested the possibility of, and laid the preliminary founda-
tion for, obtaining cells in vitro that may represent an earlier
developmental stage than that of ESCs.

In summary, through dissection of cell fate dynamics during
chemical reprogramming using scRNA-seq, we deciphered the
concomitant early pluripotency program and 2C-like program
as the intermediate molecular event bridging the XEN-like state
toward pluripotency, which consequently allows the develop-
ment of a much faster chemical reprogramming system. With
further optimization of chemical reprogramming, we expect it
to be a unique and promising strategy for manipulating cell fate
conversion and interpreting pluripotency and development in
the future.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hongkui
Deng (hongkui_deng@pku.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were performed according to the Animal Protection Guidelines of Peking University, China. The C57BL/6J-
Tg(GOFGFP)11Ilmeg/Rbrc (pOct4-GFP, OG) mice were mated with ICR mice to generate offspring carrying Oct4 promoter-driven
GFP and provides primary mouse embryonic fibroblasts (MEFs).

Cell Culture

MEFs were cultured in high glucose DMEM (GIBCO) supplemented with 15% fetal bovine serum (FBS, Pan-Biotech), 1% GlutaMAX-I
(GIBCO), 1% nonessential amino acids (NEAA, GIBCO), 0.1 mM B-mercaptoethanol (Sigma-Aldrich) and 1% penicillin-strepto-
mycin (GIBCO).

Mouse ESCs and CiPSCs were maintained on feeder layers (the mitomycin C-treated MEFs) in ESC culture medium containing
KnockOut DMEM (GIBCO), 10% knockout serum replacement (KSR, GIBCO), 10% FBS, 1% GlutaMAX-I, 1% NEAA, 0.1 mM B-mer-
captoethanol, 1% penicillin-streptomycin supplemented with 2iL (3 uM CHIR99021, 1 uM PD0325901 and 10 ng/ml LIF) or with addi-
tional 50 pg/ml vitamin C (for scRNA-seq in Figure S6A). MEFs, ESCs and CiPSCs were incubated at 37°C with 5% CO..

METHOD DETAILS

MEF isolation

MEFs were isolated from E13.5 embryos. After the removal of head, limbs, visceral tissues and gonads, remaining embryos were
washed twice with PBS (containing 2% penicillin-streptomycin), minced by scissors and dissociated with 0.25% trypsin-EDTA
(GIBCO) (1-2 ml per embryo) at 37°C for 5-10 min. After trypsinization, MEF medium was added and cells were pipetted up and
down several times for dissociation. Centrifuge cells at 400 g for 5 min and resuspend cells in MEF medium. Generally, 1 x 107 cells
can be obtained from a single embryo and are plated in a 100-mm dish (P0). The next day, change fresh MEF medium to remove non-
adherent cells. Primary MEFs usually become confluent in 2 days and were ready to passage for reprogramming. To remove cell
clusters and obtain single cell suspension, cells were passed through a 40 um cell strainer before seeding for chemical induction (P1).

Generation of CiPSCs in high efficiency
1. Reagents setup:

Throughout the chemical reporgramming process, cells were maintained at 37°C with 5% CO,.

Small molecules: VPA, CHIR99021, 616452, Tranylcypromine, Forskolin, AM580, EPZ004777, DZNep, Decitabine, SGC0946 and
PD0325901 were described in key resources table. The schematic diagram of the protocol is shown in Figure S1A.

Stage | medium: For day 0-12, KnockOut DMEM supplemented with 10% KSR, 10% FBS, 1% GlutaMAX-I, 1% NEAA, 0.1 mM
2-mercaptoethanol, 1% penicillin-streptomycin, 100 ng/ml bFGF and the small-molecule cocktail VCETFAE (500 uM VPA, 20 uM
CHIR99021, 10 uM 616452, 5 uM Tranylcypromine, 10 uM Forskolin, 0.05 uM AM580 and 5 uM EPZ004777). For day 12-16, reduce
the concentrations of bFGF and CHIR99021 to 25 ng/ml and 10 uM, respectively.

Stage Il medium (FBS/KSR-SII condition): FBS/KSR-based medium (KnockOut DMEM with 10% KSR, 10% FBS, 1% GlutaMAX-I,
1% NEAA, 0.1 mM 2-mercaptoethanol, 1% penicillin-streptomycin) supplemented with 25 ng/ml bFGF and the small-molecule cock-
tail VC6TFAZDS (500 pM VPA, 10 uM CHIR99021, 10 uM 616452, 5 uM Tranylcypromine, 10 uM Forskolin, 0.05 uM AM580, 0.05 uM
DZNep, 0.5 pM Decitabine and 5 uM SGC0946).

Stage Il medium (N2B27-SlI condition): N2B27-based medium (1:1 mixture of DMEM/F12 (GIBCO) and Neurobasal (GIBCO), with
1% N2 supplement (GIBCO), 2% B27 supplement (GIBCO), 1% GlutaMAX-I, 1% NEAA, 0.1 mM 2-mercaptoethanol, 1%
penicillin and streptomycin) supplemented with 10 ng/ml LIF, 50 pg/ml vitamin C, 2 mg/ml Albumax-Il (dispensable), 25 ng/ml
bFGF (dispensable) and the small-molecule cocktail VC6TFAZDS (500 pM VPA, 10 uM CHIR99021, 10 uM 616452, 5 uM Tranylcy-
promine, 10 uM Forskolin, 0.05 uM AM580, 0.05 uM DZNep, 0.5 uM Decitabine and 5 uM SGC0946).

Stage Il medium: N2B27-based medium supplemented with 3 uM CHIR99021, 1 uM PD0325901 and 10 ng/ml LIF.

2. MEFs were seeded at a density of 50,000 cells per well of a 6-well plate or 300,000 cells per 100 mm dish with MEF culture
medium.

3. The next day (day 0), change the medium into stage | medium. Change the medium every 4 days.

4. On day 12, for the induction with FBS/KSR-SII condition, re-plate the cells at a density of 50,000-200,000 cells per well of a
6-well plate with stage | medium (reduced concentrations of bFGF and CHIR99021). For the induction with N2B27-SlI condi-
tion, feeder cells (MEFs treated with mitomycin C and seeded at 150,000 cells per well of 6-well plate) should be prepared one
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day before re-plating. Re-plate the cells on feeder cells at a density of 2,000-10,000 cells per well of 6-well plate with stage |
medium (reduced concentrations of bFGF and CHIR99021).

5. On day 16, XEN-like epithelial colonies are formed and the culture is changed into stage Il medium. Change the medium
every 4 days.

6. On day 28, change the culture into stage Ill medium. Change the medium every 4 days.

7. 2i-competent, ESC-like and pOct4-GFP positive CiPS colonies should become visible approximately 3 days (for N2B27-SlI
condition) or 6 days (for FBS/KSR-SII condition) in stage Ill medium.

Generation of CiPSCs from XEN-like colonies in about 2 weeks
Optimized N2B27-SlI condition: N2B27-based medium supplemented with 10 ng/ml LIF, 50 pg/ml vitamin C, 2 mg/ml Albumax-I|
(dispensable), 25 ng/ml bFGF (dispensable) and the small-molecule cocktail VC6TFAZDS (VPA at 1 mM).

1. Onday —4, re-plate 2,000-10,000 XEN-like cells or induced cells at stage | D12 per well of 6-well plate on feeder cells with stage
| medium (reduced concentrations of bFGF and CHIR99021).

. On day 0, switch the medium into optimized N2B27-SlI condition.

. From day 4-8, incubate cells in N2B27 medium containing 2iL, 50 ug/ml vitamin C and 500 uM VPA.

. On day 8, VPA was removed and cells were cultured in N2B27 medium containing 2iL and 50 pg/ml vitamin C.

. After another 4-8 days, CiPS colonies emerged.

a b wWN

Generation of CiPSCs from MEFs in about 20 days
1. Reagents setup:

Small molecules: VPA, CHIR99021, 616452, Tranylcypromine, Forskolin, Ch55, EPZ004777, DZNep, Decitabine, SGC0946 and
PD0325901 were described in key resources table.

Optimized stage | medium: FBS/KSR-based medium supplemented with the small-molecule cocktail VC6TF5E (100 uM VPA,
40 uM CHIR99021, 10 uM 616452, 5 uM Tranylcypromine, 10 uM Forskolin, 1 uM Ch55 and 5 uM EPZ004777).

Optimized N2B27-Sll medium: N2B27-based medium supplemented with 10 ng/ml LIF, 50 pg/ml vitamin C, 25 ng/ml bFGF,
2 mg/ml Albumax-Il (recommended for enhancing efficiency) and the small-molecule cocktail VC6TF5ZDS (VPA at 1 mM).

Stage Ill medium: N2B27-based medium with 3 yM CHIR99021, 1 uM PD0325901, 10 ng/ml LIF and 50 pg/ml vitamin C.

2. On day —1, MEFs were seeded at 50,000 cells per well of 6-well plate with MEF culture medium.

. The next day (day 0), change the medium into optimized stage | medium and small XEN-like colonies emerged at day 4-6.
. From day 4-8 or 6-12, cells were cultured in optimized N2B27-SIl medium

. During day 8-12 or 12-16, cells were cultured in stage lll medium with 500 uM VPA.

. On day 12 or 16, VPA was removed and cells were cultured in stage Ill medium.

. After another 4-10 days, CiPS colonies emerged.

~NOoO Ok~ W

Notes: In order to obtain robust chemical reprogramming in about 20 days, it is strongly recommended to use freshly isolated MEFs
at passage 1 (P1) (described above). The minimal requirement for obtaining CiPSCs using this protocol is 16-day (referred to as
16-day reprogramming protocol in Figure 7). The schematic diagram of the protocol is shown in Figure S7C.

Calculation of cell number, efficiency and percentage

In general, 1,000 XEN-like cells or cells from stage | were re-plated into each well of 12-well plate. 4 days after re-plating, approximate
300 XEN-like colonies were formed. XEN-like colonies rapidly proliferated with N2B27-Sll induction and generated a total of
500,000 - 1,000,000 cells with about 30,000 Ci2C-like cells (~4% of the whole cell) at the end of stage Il (D12). Finally, approximate
500 CiPS colonies were generated at the end of stage Il (50% colony efficiency relative to 1,000 re-plated cells). The CiPS colonies
were typically present as large colonies with thousands of cells per colony, accounting to a large percent of cells at the end of stage Ill
(~77% of the whole cell population).

Establishment of XEN-like cell lines

The establishment of purified XEN-like cell lines capable of long-term expansion was described before (Li et al., 2017; Zhao et al.,
2015). Briefly, single XEN-like colony induced from MEFs with stage | induction was picked, trypsinized to single cells and re-plated
on feeder cells (only used for the first passage) for expansion. Routinely, the purified XEN-like cell lines were long-term cultured in
stage | medium (with reduced concentrations of bFGF, CHIR99021) (AM580 and EPZ004777 were not essential) on gelatin-coated
(dispensable) plate, refreshed with medium every day and passaged at 1:20 to 1:30 every 3 days. pZscan4c-Emerald XEN-like cell
line was established through differentiating from pZscan4c-Emerald ESCs (Zalzman et al., 2010). In brief, pZscan4c-Emerald ESCs
were passaged into stage | medium (with reduced concentrations of bFGF and CHIR99021) on gelatin-coated plate and passaged
when cells were confluent. We differentiated the cells for at least 9 passages and confirmed the XEN-like peoporty by detecting XEN
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gene mRNA and protein expression before using for chemical reprogramming. pZscan4c-Emerald XEN-like cells were typically
cultured in stage | medium (with reduced concentrations of bFGF and CHIR99021) and passaged at 1:20 every 3 days.

Single cell reprogramming

Feeder cells (treated with mitomycin C, 10,000 cells per well of 96-well plate) were prepared before sorting. The next day, individual
XEN-like cells (cell lines induced from MEFs isolated from pFsp7-Cre: Rosa26R™°™3%°: pOct4-GFP progeny mice as described
before [Ye et al., 2016)) (constitutively expressed tdTomato was used for quantifying re-plating efficiency and tracking individual
cells) or individual cells on stage Il after antibody staining were sorted into each well of 96-well plate and reprogrammed as described
above.

Flow cytometry and cell sorting

Single-cell suspensions of chemically induced cells or CiPSCs were dissociated by accutase at 37°C for 10 min (for antibody staining)
or by 0.25% trypsin-EDTA at 37°C for 3-5 min (for analysis without antibody staining) followed by filtration through 40 pum cell
strainers.

(1) For analysis of OG percentage, individual XEN-like cell or pZscan4c-Emerald cells sorting, flow cytometry was performed us-
ing Aria Ill (BD) or FACSVerse (BD) or MoFlo XDP (BeckMan Coulter).

(2) For OG*PDGFRA'°Y"PECAM1" staining, cell pellets were washed with PBS and incubated with PDGFRA, PECAM1 and
EPCAM (EPCAM was used for excluding feeder cells) antibodies in PBS containing 2% BSA for 30 min at 4°C in the dark.
Then cells were washed with PBS and re-suspended in PBS containing 2% BSA for fluorescence-activated cell sorting anal-
ysis. Unsorted cell population presented the control group which were stained with antibody but without sorting.

Reverse transcription (RT)-quantitative PCR (qQPCR)

Total RNA was isolated using Direct-zol RNA MiniPrep Kit (Zymo Research, R2072). Extracted RNA was treated with DNase and
cDNA was synthesized from 0.5-1 ng of total RNA using TransScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech,
AT311-03). gPCR was performed by using KAPA SYBR® FAST gPCR Kit Master Mix (KAPA Biosystems, KM4101) on a CFX
ConnectTM Real-Time System (Bio-Rad). The data were analyzed using the delta-delta Ct method. Gapdh was used as a control
to normalize the expression of target genes. Primer sequences for gPCR in this study are listed in Table S7. Zscan4 was detected
by a common primer for all Zscan4 paralogs.

RNA sequencing

Total RNA was isolated using Direct-zol RNA MiniPrep Kit (Zymo Research). RNA sequencing libraries were constructed using the
NEBNext® Ultra RNA Library Prep Kit for lllumina® (NEB England BioLabs). Fragmented and randomly primed 2 x 150 bp paired-
end libraries were sequenced using lllumina HiSeq X Ten.

Whole-genome bisulfite sequencing (WGBS)

Genomic DNA of sorted pZscan4c-Em*, pZscan4c-Em™ cells at stage Il D12, XEN-like cell with pZscan4c-Emerald reporter and
CiPSCs were extracted using EasyPure Genomic DNA Kit (TransGen, EE101-11). DNA were denatured and bisulfite converted using
EZ DNA Methylation-GoldTM Kit (Zymo Research, D5005). In brief, 20 ul DNA (300 ng) was mixed with 130 ul CT Conversion Reagent
and incubated at 98°C for 10 minutes, 64°C for 2.5 hours. Samples and 600 pl M-Binding Buffer were added into a Zymo-Spin IC
Column, followed by inverting the column several times and centrifuging at full speed (> 10,000 g) for 30 s. 100 ul M-Wash Buffer
was added to the column and centrifuged at full speed for 30 s. Add 200 pl M-Desulphonation Buffer to the column, incubate at
room temperature (20-30°C) for 15-20 minutes and then centrifuging at full speed for 30 s. Wash the column with 200 pl M-Wash
Buffer twice and elute the DNA with 10 pl M-Elution Buffer. Recovered bisulfite-converted DNAs were constructed into sequencing
libraries using Accel-NGS Methyl-Seq DNA Library Kit (Swift, 30024) following the manufacturer’s instructions and each libraries
were sequenced 90G raw data by using lllumina HiSeq X Ten.

Enzyme-linked immunosorbent assay (ELISA)

MEFs, XEN-like cells, reprogrammed cells at stage Il D12 and stage Ill D4 were collected and the genomic DNAs were extracted us-
ing EasyPure Genomic DNA Kit (TransGen, EE101-11). The 5-methylcytosine (5-mC) of genomic DNAs were detected and quanti-
tated using 5-mC DNA ELISA Kit (Zymo Research, D5325). In brief, 100 ng DNA of each samples and controls were added to
PCR tubes in a final volume to 100 pl with 5-mC Coating Buffer and incubated at 98°C for 5 minutes. Denatured DNAs were added
to the wells of ELISA plate and incubated for at 37°C for 1 hour. After wash, 200ul of 5-mC ELISA buffer were added to each well, and
incubate at 37°C for 30 minutes. Next, Anti-5-Methylcytosine (1:2,000) and Secondary Antibody (1:1,000) were mixed with 5-mC
ELISA Buffer and added to each wells, and then incubated at 37°C for 1 hour. After wash, added 100 pul of HRP Developer per
well and incubated at room temperature for 35 minutes, and the absorbances were measured at 405 nm. Two technical replicates
were used for each condition.
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Immunofluorescence

Immunofluorescence was performed as previously described (Hou et al., 2013). After fixation with 4% paraformaldehyde (DingGuo,
AR-0211) at room temperature for 30 min, cells were permeabilized with PBS-0.1% Triton X-100 (Sigma-Aldrich, T8787) and blocked
with PBS containing 2.5% donkey serum (Jackson Immuno Research, 017-000-121) at 37°C for 1 hour. Primary antibodies incuba-
tion with appropriate dilutions (anti-Oct4, 1:200, BD Biosciences, 611203; anti-Sox2, 1:500, Stemgent, 09-0024; anti-Nanog, 1:500,
Millipore, AB5731; anti-Zscan4, 1:1000, Millipore, AB4340) were performed at 4°C overnight in blocking buffer. On the next day, cells
were washed with PBS for three times and probed with secondary antibodies at 37°C for 1 hour in blocking buffer (Jackson
ImmunoResearch). Cells were then washed with PBS for three times and DNA was stained with DAPI solution (Roche Life Science,
10236276001). Antibodies are listed in the key resources table.

Plasmid construction and lentivirus production

Genetic knockdown was performed using shRNAs (SIGMA Mission® shRNA, SHPMO01) according to the manufacturer’s protocol.
Genetic overexpression and lentivirus production, collection and infection were the same as described (Hou et al., 2013; Li et al.,
2011; Zhao et al., 2008).

Chimera construction

Chimeric mice were obtained by the injection of CiPSCs (ICR X C57) into blastocysts or eight-cell embryos. For blastocyst injection,
10-15 CiPS cells were injected into the E3.5 blastocysts and transferred to the uterus of 2.5 day post-coitum pseudopregnant
females (ICR). For eight-cell injection, 7-10 CiPS cells were injected into each E2.5 embryos and transferred into 0.5 d post-coitum
pseudopregnant females (ICR). Approximately 15 injected embryos were transferred into each uterine horn of pseudopregnant mice.

Single cell cDNA library preparation and sequencing

Cells at different time points throughout chemical reprogramming process were harvested and resuspended at 1 x 10° cells per milli-
literin 1 x PBS with 0.04% BSA. Then, cell suspensions (300-1000 living cells per microliter determined by trypan blue staining) were
loaded on a Chromium Single Cell Controller (10x Genomics) to generate single-cell gel beads in emulsion (GEMs) by using Single
Cell 3’ Library and Gel Bead Kit V2 (10x Genomics, 120237). Captured cells were lysed and the released RNA were barcoded through
reverse transcription in individual GEMs (Zheng et al., 2017). Barcoded cDNAs were pooled and cleanup by using DynaBeads®
MyOne Silane Beads (Invitrogen, 37002D). Single-cell RNA-seq libraries were prepared using Single Cell 3’ Library Gel Bead Kit
V2 (10x Genomics, 120237) following the manufacture’s introduction. Sequencing was performed on an lllumina HiSeq X Ten with
pair end 150bp (PE150).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell data preprocess

We checked the quality of raw sequencing data by FastQC software. The fastq sequence was trimmed by FASTX-Toolkit. We used
cellranger count pipeline 2.0.1 to analyze the sequencing data and generated the single cell information, once for each individual
sample. All the cells in different batches were merged together by cellranger aggr pipeline and normalized by equalizing the read
depth among libraries. The final result was the matrix of all cells and their global gene expressions.

Single cell trajectory analysis

Single cell trajectory was analyzed using matrix of cells and gene expressions by Monocle 2 for Figures 3A and S3A. Before monocle
analysis, we removed the cells beyond UMI counts + 2-fold SD of the average total sample counts (log4g), which were regarded as
dead cells or cell doublets in one gel bead. 1,518 differentially expressed genes were identified for trajectory study by comparing the
transcriptomes among 4 groups of cells within the solid line in Figures S2E and S2F. Then, we used monocle to construct lineage
trajectory and branch points by analyzing 1,518 DE genes. The state representing fibroblast was chosen as the root. Monocle con-
structed the final tree structure by using max_components parameter equal 5 for Figure 3A. As for Figure S3A, procedures are same
as mentioned above but with top 2,000 DE genes from Stage | cell clusters and max_components equal 2. Gene expression heatmap
in Figure 4A is based on lineage trajectory in Figure 3A and performed by “plot_genes_branched_heatmap” function of monocle 2.
The core idea of this function is to merge all cells into total 200 bins in the order of pseudotime. Data of volcano plots in Figures 4B and
S4B is extracted from heatmap matrix in Figure 4A.

PCA and t-SNE analysis

Principal component analysis (PCA) and t-SNE (t-distributed Stochastic Neighbor Embedding) for Figures 2B, 2D, 2E, S2E-S2l, S4G,
and S6A were performed using the prcomp and Rtsne package of the R software (Version 3.4.1). For Figures 2B and S2E, we ran PCA
using the expression matrix of the top 1,000 most variable genes selected from previous 1,518 DE genes. The number of principal
components was determined from a scree plot. t-SNE was then performed on the first 10 principal components with default param-
eters to visualize cells in a two-dimensional space. All other figures follow the same procedure but with different parameters. And their
parameters varies with the data.
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Gene regulatory network analysis

The analysis of regulon activity for Figures 4E, S3C, and S4E were performed by following standard SCENIC pipeline. The input to
SCENIC is an expression matrix, in which rows correspond to genes and columns correspond to cells. The cells in stage llI (for Fig-
ures 4E and S4E) or terminal cells in two branches (for Figure S3C) were selected as the input cells. The genes with at least 186 UMIs
across all cells and detected in at least 62 cells were selected as the input genes. The expression matrix was loaded into GENIE3 and
the co-expressed genes to each TF was constructed. This step is time consuming and we ran it on high performance computing
(HPC). The TF co-expression modules were then analyzed by RcisTarget. The Normalized Enrichment Score (NES) of the transcrip-
tion factor binding motifs (TFBS) was calculated and NES > 3.0 were considered as significantly enriched. The filtered potential tar-
gets by RcisTarget mouse mm9 database from the co-expression module were used to build the regulons. The regulons activity (Area
Under the Curve) was analyzed by AUCell and the active regulons are determined by AUCell default threshold. The active regulons
were then mapped to Sl t--SNE for Figure 4E. Regulon-based t-SNE clustering analysis was performed for Figure S4E. Binary regulon
activity (with any other regulon correlated with abs (correlation) > 0.30 and active in at least 30% of cells) was calculated by using
terminal cells in two branches for Figure S3C.

The gene correlation network for Figure 4H was constructed by WGCNA analysis of the gene expression correlation. Genes were
selected as the overlapping of the TFs in top 1,518 differentially expressed genes with intermediate cell programs (XEN-like, 2C-like
and pluripotency programs) plus some known master regulators for intermediate cell types. The gene correlation network was visu-
alized by Cytoscape.

Transcriptome analysis of Ci2C-like cells with reported datasets

The expression profile of mouse 2C::tdTomato cells (Macfarlan et al., 2012) for Figure S6C was obtained as raw sequencing reads
from EBI database (GSM838738, GSM838739, GSM905088) and mapped to mouse mm10 using TopHat alignment software tools.
The expression values of each gene were normalized to RPKM using Cufflinks. The expression profile of preimplantation embryo cells
(Deng et al., 2014) for Figures 6A-6C was obtained as raw sequencing reads from EBI database (GSE45719) and mapped against
mouse mm10 using STAR. The read counts were calculated using featureCounts. To compare gene expression profile among
different datasets and platforms, the expression values from the published data and our own data were normalized by scaled to
the expression of ESCs in each study for Figures 6A and S6C.

WGBS analysis

WGBS analysis was performed using Bismark/Bowtie2 algorithm. The clean fastq format reads were obtained from the sequencer
and aligned to mouse mm10 reference with Bismark in directional mode using the default parameters. The deduplication tool
from Bismark was used to remove duplicate reads. The methylation calls were extracted from the unique read alignment using
bismark_methylation_extractor and bismark2bedGraph command. The methylation calls from both Watson and Crick
strand were combined for the following analysis. The whole genome CpG methylation level for Figure 5H was calculated by
bismark2summary command. The CpG methlation level for each region set for Figure 5|1 was performed by RnBeads R package.
The visualization of each track was using IGV for Figure 5J.

Ontology Annotation
Gene ontology (GO) term enrichment analyses for Figures 3E, 4C, 4D, S4C, S4D, S4F, and S5G were performed using DAVID 6.8
functional annotation tool (Huang et al., 2009). Terms that had a P-value < 0.05 was defined as significantly enriched.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is NCBI GEO: GSE114952 or Beijing institute of Genomics (BIG)
Data Center: CRA000932.
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