1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Nat Cell Biol. Author manuscript; available in PMC 2020 April 07.

Published in final edited form as:
Nat Cell Biol. 2019 July ; 21(7): 835-844. d0i:10.1038/s41556-019-0343-0.

Myc and Dnmtl impede the pluripotent to totipotent state
transition in embryonic stem cells

Xudong Ful2345 Xijaoji Wul:2:345 Mohamed Nadhir Djekidel12:345, Yi Zhangl2:34*
IHoward Hughes Medical Institute, Boston, MA, USA.

2Program in Cellular and Molecular Medicine, Boston Children’s Hospital, Boston, MA, USA.
3Harvard Stem Cell Institute, Boston, MA, USA.

“Department of Genetics, Harvard Medical School, Boston, MA, USA.

Abstract

Totipotency refers to the ability of a cell to generate all of the cell types of an organism. Unlike
pluripotency, the establishment of totipotency is poorly understood. In mouse embryonic stem
cells, Dux drives a small percentage of cells into a totipotent state by expressing 2-cell-embryo-
specific transcripts. To understand how this transition takes place, we performed single-cell RNA-
seq, which revealed a two-step transcriptional reprogramming process characterized by
downregulation of pluripotent genes in the first step and upregulation of the 2-cell-embryo-specific
elements in the second step. To identify factors controlling the transition, we performed a
CRISPR-Cas9-mediated screen, which revealed Myc and Dnmt1 as two factors preventing the
transition. Mechanistic studies demonstrate that Myc prevents downregulation of pluripotent genes
in the first step, while Dnmt1 impedes 2-cell-embryo-specific gene activation in the second step.
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Collectively, the findings of our study reveal insights into the establishment and regulation of the
totipotent state in mouse embryonic stem cells.

Results

Following fertilization, the mouse genome starts to be activated at late 1-cell and 2-cell
stages. This process is known as zygotic genome activationl, and coincides with a gain of
totipotency, the ability of a cell to generate embryonic and extraembryonic cell types?.
Interestingly, a group of genes (for example, Zscan4 genes) and repeats (for example,
MERVL repeats) are transiently activated at this stage3#, suggesting their role in
establishing totipotency2. However, the molecular features of totipotency remained elusive
partly due to the scarcity of mammalian embryos.

The mouse embryonic stem cells (MESCs) derived or cultured under modified conditions
exhibit totipotent-like developmental potential>~7, but these cells are transcriptionally
distinct from 2-cell embryos. Interestingly, in serum/leukaemia inhibitory factor (LIF)
culture conditions, <1% of mESCs exhibit several features of 2-cell embryos*8, including
expression of 2-cell-embryo-specific transcripts?, downregulation of pluripotency genes*
increased histone mobility®, dispersed chromocentres'® and increased developmental
capacity?. This spontaneous 2-cell-like (2C-like) state is reversible, and nearly all mESCs
are capable of cycling between ESC and 2C-like states*. Compared with 2-cell embryos,
which are difficult to obtain in large numbers, 2C-like cells can be readily isolated from
ESCs, making them a good model for understanding totipotency and zygotic genome
activationl®, While several factors, such as Tet proteins, were reported to regulate the
formation of 2C-like cells12-14 a detailed mechanistic understanding of the 2C-like
transition is still lacking, partially due to the low frequency of 2C-like cells in mESCs. The
demonstration that Dux can drive the ESC to 2C-like cell transition®~17 makes the
generation of 2C-like cells much easier. In this study, we examine the transcriptional
dynamics of the 2C-like transition using Dux and identify factors mediating the transition
process.

Establishment and verification of a Dux-mediated ESC to 2C-like transition system.

We constructed an ESC line containing a MERVL-promoter-driven tdTomato transgene (an
indicator of the 2C-like state)* and a doxycycline-inducible Dux transgene (Fig. 1a). Dux
expression induces the 2C-like transition (Supplementary Fig. 1a). Depending on the ESC
clones, the 2C-like transition rates varied between 10 and 55%, which is comparable to
previous reports!®. The 2C-like transition rate is regulated by the exogenous Dux level as the
clones with higher Dux expression exhibited a higher rate of 2C-like transition
(Supplementary Fig. 1b,c). The fact that not all cells became 2C-like cells after Dux
induction suggests cell-to-cell heterogeneity (Fig. 1b and Supplementary Fig. 1a).

To characterize the transcriptomic change of the Dux-induced 2C-like transition, we
performed RNA-seq analysis of three cell populations: a 2C-negative population collected
before Dux-induction (DO 2C™), and 2C-negative and 2C-positive populations collected after
1d Duxinduction (D1 2C~ and D1 2C*) (Fig. 1b).
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By comparing the transcriptome of ESCs (D0 2C™)to that of 2C-like cells (D1 2C*), we
identified 2,976 upregulated and 2,726 downregulated genes/repeats in 2C-like cells (fold
change (FC) > 2, false discovery rate (FDR) < 0.001; Fig. 1c and Supplementary Table 1).
The 2C*-upregulated genes/repeats include 2-cell-embryo-specific transcripts such as
MERVL repeats, Zscan4 genes, Spz1 and Zfp352 (Fig. 1c) and are involved in chromatin
and nucleosome assembly (Supplementary Fig. 1d). The downregulated genes include
pluripotency-related genes such as SoxZ, K/f4and Rest (Fig. 1c) and are involved in organic
anion transport and development (Supplementary Fig. 1d). Analysis of published Dux
chromatin immunoprecipitation sequencing (ChIP-seq) data in mESCs16 indicated that many
of the genes upregulated in 2C* cells are direct targets of Dux (Fig. 1d). Notably, the
transcription start sites (TSSs) of upregulated genes are significantly closer to MERVL
repeats than those with unchanged or downregulated genes (Supplementary Fig. 1e). This
indicates that 2C*-upregulated genes could be activated by nearby MERVL repeats, which is
similar to that observed in spontaneous 2C-like cells*18,

Importantly, the transcriptome and expression pattern of 2-cell-embryo-specific elements
(D1 2C* cells) are highly similar to those of spontaneous 2C-like cells (Pearson /=0.91, Fig.
le; Pearson r=0.9, Supplementary Fig. 1f). In addition, the apoptosis-related genes that are
induced by Dux in C2C12 are not increased in D1 2C* cells (Supplementary Table 1)1°.
Furthermore, similarly to spontaneous 2C-like cells, Dux-induced 2C-like cells can exit the
2C-like state spontaneously (Supplementary Fig. 1g,h). Taken together, these results suggest
that we established a 2C-like transition system that resembles the spontaneous 2C-like
transition.

Dux-induced ESC to 2C-like cell transition involves an intermediate state.

Since Dux did not induce a complete 2C-like transition (Fig. 1b), we characterized the
molecular features of D1 2C™ cells by comparing their transcriptome to those of other cell
populations (DO 2C~ and D1 2C*). Despite a negative tdTomato signal, D1 2C™ cells
displayed a partial change in many of the 2C* up/downregulated elements. The genes/
repeats whose expression levels are altered in both D1 2C~ and D1 2C* cells are designated
as ‘group 1’ elements (Supplementary Table 2 and Fig. 1f). In group 1, the downregulated
genes are enriched for terms of embryonic development and signalling pathways important
for pluripotency (Fig. 1f), while the upregulated genes are enriched for terms of RNA
modification and protein unfolding (Fig. 1f). Interestingly, another group of genes/repeats
(group 2 elements) are significantly altered only in D1 2C* cells (Fig. 1f and Supplementary
Table 2), with the downregulated genes involved in mECS pluripotency, and upregulated
genes involved in cellular assembly and organization. Most of the activated repeats belong to
the late-altered group 2 elements (Supplementary Fig. 1i), which is consistent with
activation of the MERVL reporter in D1 2C™ cells. Taken together, D1 2C~ cells exhibited
an intermediate-state transcriptome different from the starting ESCs (Supplementary Fig.

1j).

The distinct expression patterns of group 1 and group 2 elements imply that transcriptional
reprogramming during the pluripotent to 2C-like transition may follow a sequential order.
Group 1 elements might be changed first followed by the alteration of group 2 elements.
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Consistent with this notion, a majority of Dux-bound 2C*-upregulated genes belong to
group 1 genes, while group 2 genes dominate the 2C*-upregulated genes (Supplementary
Fig. 1k), suggesting that Dux-bound genes get activated first during the transition.

Single-cell RNA-seq analysis confirmed the existence of an intermediate state.

To further confirm the intermediate state during the transition, we performed single-cell
RNA-seq (scRNA-seq) at different time points of Dux induction (Fig. 2a). Consistent with
the timing of tdTomato reporter activation (Supplementary Fig. 1a), MERVL and Zscan4 are
activated in many cells only after 1 d Dux induction (Supplementary Fig. 2a).

Due to cellular heterogeneity, we pooled all of the cells to perform clustering analysis,
which revealed three major cell clusters (Fig. 2b—d). Cluster 3 appears to be 2C-like cells
with expression of Zscan4 and MERVL (Fig. 2b—d and Supplementary Fig. 2b). Cluster 1
represents ESCs as they express pluripotency genes such as Sox2and Pou5f1, but not
MERVL and Zscan4 (Fig. 2b—d). Cluster 2 represents an intermediate cell population as they
showed a reduced expression of pluripotency genes such as Sox2and Pou5f1, and also a
partial expression of 2-cell-embryo-specific transcripts such as MERVL and Gm5662 (Fig.
2b—d and Supplementary Fig. 2b). Interestingly, Nanog messenger RNA is not decreased
during the transition (Fig. 2c).

Previous single-cell studies identified a minor formative-state pluripotent population in
mESCs20-22, We identified a similar minor population (Supplementary Fig. 2c), with low
expression of Zfpo42, Kif4, and Nanog, but high expression of Pou3f1, Dnmt3b, and Krt18
compared to that of the major pluripotent cells (Supplementary Fig. 2d). Fluorescence-
activated cell sorting (FACS) analysis confirmed the existence of this minor population in
mMESCs (Supplementary Fig. 2e). Identification of this minor formative state in mESC
validates our scRNA-seq approach.

To determine the relationship between the single-cell populations and the bulk RNA-seq
stages (Fig. 1b), we performed clustering and principal component analysis (PCA). Indeed,
the transcriptional profiles of the three cell clusters respectively correlate with DO 2C~, D1
2C~ and D1 2C* cell populations (Fig. 2e). Thus, scRNA-seq data can be used to analyse the
transcriptional dynamics during the 2C-like transition. Consistently, analysis of the
distribution of the different cell clusters at each time point revealed that the Dux-induced
2C-like transition is recapitulated by scRNA-seq (Fig. 2f and Supplementary Fig. 2f). Taking
these findings together, we conclude that sScRNA-seq revealed an intermediate cell state
during the 2C-like transition. Notably, although D1 2C~ cells consisted of ~66% cluster 1
cells (Fig. 2f), activation of 2C*-upregulated elements in D1 2C~ cells (Fig. 1f) dominated
the transcriptional variance in PCA analysis leading to a higher correlation of D1 2C™ cells
with cluster 2 cells rather than cluster 1 cells (Supplementary Fig. 29).

scRNA-seq confirmed a two-step transcriptional reprogramming of the ESC to 2C-like cell
transition.
The identification of an intermediate state indicates that the 2C-like transition follows a step-
wise pattern. To dissect the transcriptional dynamics during the 2C-like transition, we
performed pseudo-time analysis (Fig. 2g). The projected timeline recapitulated the 2C-like
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transition as it captured the progressive activation of 2C-like-cell markers such as Zscan4d
(Fig. 29). The pseudo-time indicates that cluster 1 (pluripotent ESCs) cells are mainly at the
beginning of the projected timeline trajectory. Cluster 2 cells are mainly located in the
middle of the timeline, whereas cluster 3 (2C-like) cells are at the end of the timeline (Fig.
2g and Supplementary Fig. 3a). The distribution of cells from different time points along the
pseudo-time also captures the Dux-induced 2C-like transition (Supplementary Fig. 3b),
supporting the validity of the projected timeline. In addition, many group 1 genes, including
Zscandd, DppaZ and Chdb, are altered in cluster 2 cells, while group 2 genes, such as
Slc35e3, Fbxo34 and SocsZ, tend to be altered in cluster 3 cells, further supporting the
validity of the analysis (Supplementary Fig. 3c). Together, the findings of the ScRNA-seq
analysis provided a transcriptomic roadmap for the 2C-like transition.

Bulk RNA-seq revealed that the 2C-like transition involved the downregulation of
pluripotency genes and the expression of 2-cell-embryo-specific elements (Fig. 1c). To
dissect the temporal dynamics of these alterations, we analysed the expression pattern of
these elements in sScRNA-seq. We found that downregulation of pluripotency-related genes
has already occurred in the intermediate state, while the activation of 2-cell-specific
elements was not evident until the 2C-like state (Fig. 2h and Supplementary Fig. 3d,e).
Notably, bulk RNA-seq based on the MERVL reporter cannot distinguish intermediate cells
from pluripotent cells, and thus failed to reveal the temporal order of downregulation of
pluripotent genes and upregulation of 2-cell-specific elements during the 2C-like transition
(Fig. 1f). Collectively, our results support that the pluripotent to totipotent state transition is
achieved in two steps: the pluripotent to intermediate state, characterized by downregulation
of pluripotency genes; and the intermediate to 2C-like cell state, characterized by the
activation of 2-cell-embryo-specific genes and repeats.

Identification of regulators for the ESC to 2C-like cell transition by CRISPR-Cas9

screening.

The incomplete 2C-like transition after Dux induction indicates the existence of barriers
preventing the transition. To identify these barriers, we performed a screen utilizing a
previously reported CRISPR—Cas9 library23. After 1 d Dux induction, 2C* and 2C™ cells
were sorted for sequencing to determine the relative single guide RNA (sgRNA) enrichment.
The sgRNA of positive regulators will be depleted from the 2C* population, and vice versa
(Fig. 3a). As a control for experimental variation, two independent screens were performed
and gene enrichment/depletion was ranked using the MAGeCK package?*.

The screen identified reproducible negative regulators (positive robust rank aggregation
score <0.01; Supplementary Table 4), including Dnmt1, Uhrfl, Pionll, Dicerl, Smad7, Myc
and 7sc2 (Fig. 3b, green dots, Supplementary Fig. 4a) and reproducible positive regulators
(negative robust rank aggregation score <0.01; Supplementary Table 4) of the 2C-like-state
transition, such as £if3h, Eif5band Eif4e2 (Fig. 3b, orange dots, Supplementary Fig. 4b). To
identify potential pathways regulating the 2C-like transition, we performed a protein
interaction analysis on reproducible hits and identified multiple networks for negative
regulators, including Dnmt1/Uhrfl for DNA methylation, Grb2/Ptpn11/Sosl of the MAPK
signalling pathway and Tsc1/Tsc2 of the TOR signalling pathway (Fig. 3c), supporting the
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validity of the screen. This analysis also identified Eif3h/Eif5b/Eif4e2 involved in translation
as a network of positive regulators (Fig. 3c).

To validate the roles of these identified regulators in the 2C-like-state transition, we picked
11 candidate regulators based on the interaction analysis. For each candidate, we performed
CRISPR gene perturbation and quantified 2C-like cells after Dux induction. Perturbation of
all ten negative candidates increased 2C-like cells, while perturbation of Eif3h reduced 2C-
like cells (Fig. 3d). These results further validate our screen results. Since our study focuses
on transcriptional regulation of the 2C-like transition, we focus on Myc and Dnmt1 to
understand how they negatively regulate the transition process.

Myc prevents gene downregulation during the ESC to intermediate-state transition.

Myc is a transcription factor critical for the pluripotent transcriptome?2®. Interestingly, the
2C-like transition involves transcriptomic reprogramming (Fig. 1¢) and Myc is one of the
top candidates regulating the transition (Fig. 3b). To understand how Myc regulates this
process, we designed two sgRNAS targeting Myc and confirmed their efficiency
(Supplementary Fig. 5a). Myc depletion increased the 2C-like cells in three different ESC
clones on Duxinduction (Fig. 4a). Notably, sgMyc exhibited no effect on 2C-like-state
maintenance (Supplementary Fig. 5b), indicating that Myc deficiency increased 2C-like cells
by facilitating the 2C-like transition. The effect of Myc on the 2C-like transition is
independent of Dux expression, as Myc depletion did not alter Dux expression (Fig. 4b). In
addition, Myc deficiency facilitated the spontaneous 2C-like transition (Supplementary Fig.
5c¢), indicating that the effect of Myc on the transition is not dependent on the Dux
transgene.

Myc maintains the pluripotent transcriptome by amplifying the transcription of a large set of
genes (Supplementary Fig. 5d)26:27. As the ESC transcriptome is reprogrammed during the
2C-like transition, we asked whether Myc impedes the transition by preventing
transcriptional reprogramming. To this end, we focused on the direct Myc targets in ESCs28
and found that 33.7% of 2C*-downregulated genes are Myc targets (Fig. 4c). In contrast,
only 10.7% of 2C*-upregulated genes are Myc targets (Fig. 4c), suggesting that Myc mainly
antagonizes gene downregulation during the transition. Indeed, Myc-bound 2C*-
downregulated genes were further decreased in Myc-depleted cells after Dux induction,
while the expression of Myc-bound 2C*-upregulated genes was not affected (Fig. 4d and
Supplementary Table 5), indicating that Myc inhibits the 2C-like transition by preferably
maintaining the expression of 2C*-downregulated genes in ESCs.

Transcriptome analysis revealed that downregulation of pluripotency genes mainly occurs at
the ESC to intermediate-state transition (Fig. 2h). Since Myc amplifies the transcriptional
activity of 2C*-downregulated pluripotent genes?”:29.30, we asked whether Myc mainly
prevents the ESC to intermediate-state transition. To this end, we analysed the Myc-bound
2C*-downregulated genes (Fig. 4c) and found that the majority of these genes belong to
group 1 genes (Fig. 4e). Downregulation of these genes mainly takes place during the ESC
to intermediate-state transition (Fig. 4f), suggesting that Myc impedes their downregulation
at the early stage of the 2C-like transition. Consistently, Myc deficiency in ESCs has a
bigger effect on the 2C-like transition than that in D1 2C"cells, which displayed an
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intermediate transcriptome (Fig. 4g). Thus, we conclude that Myc mainly impedes the ESC
to intermediate-state transition.

Dnmtl impedes activation of 2C*-upregulated genes during the intermediate to 2C-like cell

transition.

Dnmt1 is responsible for maintaining the DNA methylation pattern during cell division31.
Interestingly, ESCs undergo global DNA demethylation when they enter the 2C-like
state18:32 suggesting a potential negative role of DNA methylation in the 2C-like transition.
Furthermore, Dnmt1 is identified as a top candidate impeding the 2C-like transition (Fig.
3b). These observations prompted us to investigate the role of Dnmtl and DNA methylation
in the 2C-like transition.

To this end, we designed two sgRNAs targeting OnmtI and confirmed their efficiency
(Supplementary Fig. 6a). After Dux induction, we found that Dnmt1 deficiency significantly
increased the 2C-like-cell population in three ESC clones (Fig. 5a). Notably, sgDnmt1
exhibited no effect on 2C-like-state maintenance, suggesting that Dnmt1 deficiency
increases 2C-like cells by facilitating the 2C-like transition (Supplementary Fig. 6b). Dux
expression is not altered in Dnmt1-deficient cells (Fig. 5b), indicating that Dnmt1 mediated
the 2C-like transition independent of Dux expression. In addition, Dnmt1 deficiency also
increased the spontaneous 2C-like transition (Supplementary Fig. 6¢), suggesting that the
effect of Dnmt1 on the 2C-like transition is independent of the Dux transgene.

The analysis of publicly available DNA methylomes of ESCs and 2C-like cells!8 indicated
that the promoters of 2C*-upregulated genes undergo more significant demethylation
compared to that of 2C*-downregulated genes in 2C-like cells (Supplementary Fig. 6d).
Given that Dnmt1 is critical for maintaining DNA methylation3!, we hypothesized that
Dnmtl-mediated DNA methylation serves as a repressor to prevent gene upregulation during
the transition. Indeed, the promoter methylation of 2C*-upregulated genes is more
significant than that of 2C*-downregulated genes in mESCs (Fig. 5¢). Importantly, Dnmt1
deficiency significantly decreased the promoter methylation of 2C*-upregulated genes (Fig.
5¢ and Supplementary Table 6), implying that Dnmt1 maintains the promoter methylation of
2C*-upregulated genes in mESCs.

If Dnmt1 functions as a barrier for gene activation during the 2C-like transition, the
induction of these genes should be more evident in Dnmt1-deficient cells. Indeed, 2C*-
upregulated elements were further activated in Dnmt1-deficient cells (Fig. 5d and
Supplementary Table 7), while 2C*-downregulated genes showed no significant increase in
Dnmt1-deficient cells (Fig. 5d). Taken together, these results indicate that Dnmt1
preferentially prevents activation of 2C*-upregulated genes during the transition.

Activation of 2C-embryo-specific elements occurs mainly during the intermediate to 2C-like
state transition (Fig. 2h). Since Dnmt1 impedes the activation of 2C*-upregulated genes
during the transition, it is likely that Dnmt1 prevents the intermediate to 2C-like cell
transition.
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To test this possibility, we focused on the elements that are further upregulated in Dnmt1-
deficient cells after Dux activation (FC > 2 and Pvalue < 0.001) (Fig. 5e and Supplementary
Table 7). The majority of these elements belong to 2C*-upregulated genes (Fig. 5¢).
Interestingly, these Dnmt1-repressed 2C*-upregulated elements mostly belong to group 2
(Fig. 5f). scRNA-seq revealed that activation of these genes/repeats mainly takes place
during the intermediate to 2C-like cell transition (Fig. 5g), suggesting that Dnmt1 majorly
impedes the transition at this stage. Furthermore, in contrast to Myc, depletion of Dnmtl
caused a more evident increase in the 2C-like population in D1 2C~ cells than in ESCs (Fig.
5h). Collectively, these data support that Dnmt1 serves as a barrier mainly during the
intermediate to 2C-like cell transition.

Since Myc and Dnmt1 prevent the 2C-like transition at different stages, we anticipate that
removal of both barriers should have an additive effect. Indeed, ESCs infected with Dnmt1
and Myc sgRNAs exhibited a further increase in the 2C-like transition on Dux induction
compared to that of single sgRNA infection (Fig. 6a), supporting the finding that Myc and
Dnmtl function independently during the transition.

Discussion

The spontaneous 2C-like transition is induced by Dux>-17_ It is believed that Dppa2/4
activate Dux in mESCs to initiate the 2C-like transition33:34. However, the mechanisms
underlying the transcriptomic dynamics during the transition after Dux activation remained
elusive. To fill in this knowledge gap, we performed scRNA-seq and CRISPR-Cas9-
mediated screening to dissect the transcriptional dynamics and identify relevant regulators.

Unlike previous studies!318, our study exploited Dux to drive the transition, and revealed
two stages of reprogramming during the transition: an early stage characterized by the
downregulation of pluripotent genes and a late stage characterized by the activation of 2-
cell-embryo-specific elements (Fig. 6b). This dynamic process indicates that activation of 2-
cell-embryo-specific genes/repeats may require the cells to exit the pluripotent state first.
Notably, prolonged Dux induction did not induce a complete 2C-like transition as Dux
induction initiates an unsynchronized 2C-like transition and cannot maintain the 2C-like
state (Supplementary Fig. 6e).

A recent study of the 2C-like transition identified a Zscan4* intermediate state3 by
analysing the expression of 93 genes. The expression dynamics of these genes are similar to
that of our sScRNA-seq (Supplementary Table 3). Importantly, on the basis of unbiased
scRNA-seq of the Dux-induced 2C-like transition, we were able to dissect the transcriptional
dynamics of the 2C-like transition and identify an unappreciated intermediate state. Since
the intermediate-state cells are rare (<5%, Fig. 2f) and cannot be isolated by analysing a
limited number of mESCs harbouring MERVL or Zscan4 reporter, they were not identified
in the previous studies (Supplementary Fig. 6f,g).

Previously reported factors that inhibit the 2C-like transition, such as CAF1, mainly affect
the transition through repressing Dux*10.17.3536 However, factors that mediate the
transition after Dux activation are largely unknown. To fill in this knowledge gap, we
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performed a CRISPR-Cas9 screen under Dux-induction conditions and revealed
functionally diverse candidates, including Myc and Dnmt1. Importantly, we demonstrated
that Myc impedes the early stage of the 2C-like transition through its transcriptional
amplification on 2C*-downregulated genes27:29-30, while Dnmt1 impedes the activation of
2C*-upregulated genes (Fig. 6b). Notably, Myc and Dnmt1 exhibit unimodal expression in
mMESCs (Supplementary Fig. 6h,i). Thus, the incomplete 2C-like transition following Dux
expression is unlikely to be due to the expression heterogeneity of Myc and Dnmtl in
mMESCs.

In conclusion, our study not only reveals a two-stage transcriptional reprogramming process
during the 2C-like transition, but also suggests that the regulatory network governing the
transition may involve several distinct machineries that can be explored in the future.

ESC culture and establishment of cell lines with inducible Dux expression.

FACS.

The ES-E14 cells were cultured on 0.1% gelatin-coated plates with standard LIF/serum
medium containing 15% FBS (Sigma, cat. no. F6178), 1,000 U mI~ mouse LIF (Millipore,
cat. no. ESG1107), 0.1 mM non-essential amino acids (Gibco, cat. no. 11140), 0.055 mM B-
mercaptoethanol (Gibco, cat. no. 21985023), 2 mM GlutaMAX (Gibco, cat. no. 35050), 1
mM sodium pyruvate (Gibco, cat. no. 11360) and penicillin/streptomycin (100 U mI™1)
(Gibco, cat. no. 15140). For culture of ESC lines, the medium was changed daily, and cells
were routinely passaged every other day. The transcriptome of our mESCs is highly similar
to that of a published ES-E14 dataset (Pearson correlation, 7= 0.92)38. The E14 cell line was
kindly provided by the laboratory of B. Koller. The MERV-L-LTR-tdTomato reporter
constructs were kindly provided by the laboratory of S. L. Pfaff* and were linearized and
transfected into E14 cells by electroporation. Colonies containing tdTomato-positive cells
were then picked and expanded. The Dux sequence was codon-optimized, synthesized by
IDT and inserted into pCW57-MCS1-P2A-MCS2 (Neo) (Addgene 89180). ESCs with the
2C::tdTomato reporter were infected with a plasmid expressing Dux and selected with
neomycin for one week. Single clones were picked for further experiments. To ensure that
Dux-induced 2C-like cells resemble the spontaneous 2C-like cells and to avoid potential side
effects of Dux overexpression, we choose clone 8 for bulk RNA-seq as the Dux induction
level in this clone is comparable to the Dux level in spontaneous 2C-like cells (~100-fold,
Supplementary Fig. 1c)16. The sequence of codon-optimized Duxwas included in
Supplementary Table 8.

Flow cytometry analysis was performed using the BD FACSCanto I, and cell sorting was
performed on the BD FACSAvria Il cell sorter. Data and images were analysed and generated
using Flowjo (V10) software. The gating strategy was shown in FACS figures. The
following antibodies were used in FACS: Myc (1:50, Proteintech, 10828-1-AP, lot number
00060703), Dnmt1 (1:50, Cell Signaling, 5032T, D63A6, lot number 1), Rex1 (1:200,
Novus, NBP2-37357, 5E11A6, lot number 130125), donkey anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody, Alexa Fluor 488 (1:250, Invitrogen, A-21206, lot
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number 1275888) and donkey anti-mouse IgG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor 488 (1:250, Invitrogen, A-21202, lot number 1259373).

RNA isolation, gPCR and bulk RNA-seq.

Cellular RNA was collected using the Qiagen Allprep RNA/DNA mini kit (Qiagen, cat. no.
80204). Complementary DNA was generated using the SuperScrip 111 First-Strand Synthesis
System (Thermofisher, cat. no. 18080051) and qRT-PCR was performed using the Fast
SYBR Green Master Mix (Thermofisher, cat. no. 4385612). Relative quantification was
performed using the comparative CT method with normalization to GAPDH. The bulk
RNA-seq library was prepared using the NEBNext Ultra Directional RNA Library Prep Kit
for Illumina (NEB, cat. no. E7420S).

CRISPR-Cas9 knockdown and genome-wide CRISPR screening.

The gene knockdown by CRISPR-Cas9 was performed as described before39. The sgRNA
sequences were included in Supplementary Table 8.

The mouse CRISPR-Cas9 library based on the lentiCRISPRv2 backbone was a gift from D.
Root and J. Doench (Addgene no. 73633), containing 78,637 gRNAs targeting 19,674 genes.
The plasmid DNA library was amplified according to recommended protocol (http://
www.addgene.org/pooled-library/broadgpp-mouse-knockout-brie/). Lentivirus was produced
using the psPAX2-PMD2.G system in 293T cells and titred. To construct the ESC library, a
total of ~40 million ESCs with the MERVL reporter and Dux transgene were transduced
with lentivirus for 48 h in the presence of 4 pg mi~1 Polybrene to reach an infection
efficiency of ~15%. After 2 d infection, cells were cultured in medium containing 1 pg ml=1
puromycin for another 8 d to select for infected cells. For the screen, ~30 million
puromycin-selected cells were treated with 2 ug ml~1 doxycycline for 1 d to induce Dux
expression and the 2C-like transition in the culture. Around 1 million 2C-positive cells and
10 million 2C-negative cells were then collected through FACS based on tdTomato reporter
expression. Genomic DNA of 2C-positive and -negative cells was extracted through the
Qiagen DNeasy Blood & Tissue Kit (cat. no. 69504). Guide RNA sequences were then
amplified using P5 primer (5'-AATGATACGGCGACCACCGAGATCTACAC TCTTT
CCCTACACGACGCTCTTCCGATCTTTGTGGAAAGGACGAAACACC G-3') and P7
primer (5'-CAAGCAGAAGACGGCATACGAGATNNNNNNNNGT
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCA
AGACCT-3"; NNNNNNNN refers to a 8-base-pair (bp) index) through KAPA HiFi HotStart
ReadyMix (cat. no. KK2602). For each sample, four parallel PCR reactions were set up, and
mixed products from four reactions were then purified through AMPure XP reagents (1.0%)
and sequenced by an Illumina HiSeq 2500 Sequencer. The designed CRISPR-Cas9 library
expressed 79,632 gRNAs targeting 19,674 genes. Two screen replicates (independent Dux
induction and FACS isolation) were performed. The sequencing results were analysed by the
MAGeCK package?4, which took into consideration the magnitude of enrichment/depletion
and the consistency of multiple sgRNAs targeting the same gene, to rank positive/negative
regulators.
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Drop-seq.

Drop-seq was performed as described previously*?. ESCs with the MERVL reporter and
synDux were induced with doxycycline for the designated time and collected for Drop-seq.

Genomic annotation file preparation.

The gtf file corresponding to the mm10 Ensemble GRCm38.85 transcriptome was
downloaded from the Ensemble database. The sequences of the synthetic- Dux and
TdTomato were added to the mm10 genomic annotation file. The gtf files were converted to
refFlat format using the UCSC gtfToGenePred tool (http://hgdownload.cse.ucsc.edu/
admin/exe/linux.x86_64/gtfToGenePred), and then the refFlat file was converted to a format
compatible with the Drop-seq tool (v1.13) using a custom script.

Repeat pseudo-genome preparation.

As repeat elements tend to have multiple highly similar copies along the genome, it is
relatively complex to accurately align them and estimate their expression. Hence, we created
a repeat pseudo-genome. We used a slightly modified version of the RepEnrich (v0.1)4!
software. Briefly, for each repetitive element subfamily, a pseudo-chromosome was created
by concatenating all genomic instances of that subfamily along with their flanking genomics
15 bp sequences and a 200 bp spacer sequence (a sequence of Ns). The pseudo-genome was
then indexed using STAR (v.2.5.2b)*2 and the corresponding gtf and refFlat files were
created using custom scripts and by considering each pseudo-chromosome as one gene.

Sequencing alignment for coding genes.

Raw reads were first trimmed using Trimmomatic (v.0.36). lllumina sequence adaptors were
removed, the leading and tailing low-quality base pairs (fewer than 3) were trimmed, and a
4-bp sliding window was used to scan the reads and trim when the window mean quality
dropped below 15. Only reads having at least 50-bp were kept. The resulting reads were
mapped to the mm10 genome using STAR*Z (v.2.5.2b) with the following parameters: -
outSAMtype BAM SortedByCoordinate — outSAMunmapped Within —outFilterType
BySJout -outSAMattributes NH HI AS NM MD -outFilterMultimapNmax 20 -
outFilterMismatchNmax 999 -quantMode TranscriptomeSAM GeneCounts. The generated
gene expression count files generated by STAR were then used for estimating gene
expression.

Sequencing alignment for repeats.

Multi-mapped reads and reads mapping to intronic or intergenic regions were extracted and
then mapped to the repeat pseudo-genome. First, the TagReadWithGeneExon command of
the dropseq tools (v1.13)*3 was used to tag the reads into utr, coding, intergenic and intronic
reads using the bam tag ‘XF’. Multi-mapped reads, intergenic and intronic reads were
extracted and mapped to the repeat pseudo-genome using STAR. The STAR read counts
were used as an estimate of repeat expression.
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Bulk RNA-seq normalization.

For each sample, the gene and repeat expression matrices were merged together and then the
“Trimmed Mean of A values’ normalization (TMM) method** from the R/Bioconductor
package edgeR package (v3.24.0) was used to calculate the normalized expression37:45,

Differential gene expression analysis of bulk RNA-seq data.

The R/Bioconductor edgeR package (v3.24.0)3745 was used to detect the differentially
expressed genes between the different samples using the generalized linear model-based
method. Genes showing more than twofold expression change and an FDR < 0.0001 were
considered as differentially expressed.

Functional enrichment analysis.

The functional enrichment analysis was performed by using IPA QIAGEN Inc., https://
www.giagenbioinformatics.com/products/ingenuity-pathway-analysis/(v01-13)#6. The

associated GO and pathway enrichment plots were generated using the ggplot2 package
(v3.1.0).

Drop-seq expression matrix generation and pre-processing.

For gene expression quantification in Drop-seq, the raw Drop-seq data were processed using
dropseq tools (v1.13)*3. Reads were mapped against the mm10 genome (GRCm38) and the
Ensemble GRCm38.85 transcriptome was used for gene annotation. Initially, the gene
expression of the top 2,000 abundant cell barcodes was generated (DigitalExpression
command of dropseq tools with the option NUM_CORE_BARCODES=2000). To estimate
the repeat expression, the bam tag ‘XF’ added by the dropseq tools’ TagReadWithGeneExon
was used to extract non-mapped reads and reads mapping to intronic and intergenic regions.
The extracted reads were mapped to the repeat pseudo-genome using dropseq tools. The
expression matrix of the top 2,000 enriched cell barcodes was generated. For each time
point, the expression matrix of the cell barcodes detected in both the reads and genes was
generated. The Seurat R package (v2.3.0)47 was then used to load and pool all of the dataset
together. We filtered out cells with <800 detected transcripts and cells in which the
mitochondrial transcriptome occupies >10% of the total transcripts. Genes expressed in
fewer than three cells were excluded.

Drop-seq normalization.

Due to the sparsity of the Drop-seq data and the contribution of Dux-induced genes to most
of the reads, a normal read depth normalization will lead to the shrinkage of the expression
of many genes. Hence, we used the deconvolution-based normalization method available in
the R/Bioconductor scran package (v1.10.1)*8. Briefly, cells are ordered by their library size
and segregated into pools using a sliding window ranging from 20 to 100. The sum of
expression in each pool is then normalized to the average expression of all cells. The pool-
based size factors are estimated and deconvolved to their cell-based counterparts.
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Drop-seq data clustering and marker gene detection.

The Seurat R package*’ was used for clustering analysis. Briefly, 309 variable genes
showing a dispersion (variance/mean) of at least two standard deviations from the expected
dispersion were selected (FindVariableGenes function of the Seurat R package). The top 30
principal components (PCs) were then calculated using the variable genes. The significant
PCs were selected using the Jackstraw method available in the Seurat R package and their
coordinates were used for clustering (FindClusters function in the Seurat package with
resolution = 0.4). The marker genes were then detected by comparing each cluster to all of
the others using a likelihood ratio*® using the FindAllMarkers function of the Seurat R
package. Genes showing at least 1.5-fold enrichment and expressed in at least 60% of the
cells in the target cluster and <20% of the other cells were selected as marker genes. The
low-dimensional projection representation of the data was performed using uniform
manifold approximation and projection®® implemented in the uwot R package (https:/
github.com/jImelville/uwot) using the 11 most significant PCs as input.

Pseudo-time construction.

The Monocle package (v2.10.0)°1 was used to generate the pseudo-time. Briefly, the
normalized expression data were used to create a Monocle object with the
‘expressionFamily’ parameters set to ‘gaussianff’. Next, variable genes detected by Seurat
were used to define the cells’ progress by calling the function ‘setOrderingFilter’. Then, the
data dimensionality was reduced using Monocle’s DDRTree method using the function
‘reduceDimension’. Finally, the pseudo-time was constructed using the ‘orderCells’ method.

Clustering of Drop-seq clusters and RNA-seq samples.

The 309 variable genes/repeats identified from Drop-seq were used to compare the mean
expression profile of the clusters identified in Drop-seq to the expression profile of bulk
RNA-seq samples. As the expression profiles were generated using two different
technologies, the technical batch effect had to be removed. Therefore, we used the ‘ComBat’
function from the R/Bioconductor sva package (3.30.1)°2 to regress-out the technical effect.
The first two PCs of the corrected expression were calculated using the ‘prcomp’ R function
and then a complete-linkage hierarchical clustering was performed.

RRBS and data analysis.

DNA (1 ng) with a 0.5% non-methylated A DNA spike-in was digested by Mspl for 3.5 h.
DNA was then end-repaired, dA-tailed and ligated with methylated adaptors. Bisulfite
conversion was carried out using an EpiTect fast bisulfite conversion kit (Qiagen) according
to the manufacturer’s instructions. Bisulfite-converted DNA was then amplified with five
PCR cycles to obtain the final library. The RRBS libraries were subjected to pair-end (2 x
110 bp) sequencing on a HiSeq 2500 (Illumina). Raw reads were first trimmed using
TrimGalor (v0.4.5) with parameters ‘--three_prime_clip_R1 2 --length 35’ then mapped the
mmZ10 genome using Bismark (v0.20.0) and bowtie2 (v2.3.4.3). Reads mapping to the
positive and negative strand were extracted separately using samtools then the methylation
levels were estimated using bismark_methylation_extractor. CpG sites overlapping with
known single nucleotide polymorphisms were removed and sites with at least 5x coverage
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were used for the downstream analysis. Promoters were defined as TSS + 1 kb and only
promoters harbouring at least 3 CpG sites were considered.

Western blotting.

Protein was purified using M-PER Mammalian Protein Extraction Reagent (Thermo
Scientific, cat. no. 78501) with protease inhibitor (Roche, cat. no. 4693159001). Western
blotting was carried out with 4-12% Bis-Tris gradient gel (Invitrogen, NP0322BOX) with
the following antibodies: Myc (1:1,000, Proteintech, 10828-1-AP, lot number: 00060703),
Dnmt1 (1:1,000, Cell Signaling, 5032T, D63A6, lot number 1), Gapdh (1:10,000, Ambion,
AM4300, 6C5, lot number 00562237), goat anti-mouse 1gG (H+L) secondary antibody, HRP
(1:10,000, Invitrogen, 31430, lot number QD216575) and goat anti-rabbit 1gG (H+L)
secondary antibody, HRP (1:10,000, Invitrogen, 31460, lot number RB230194).

ESC and spontaneous 2C-like methylation data analysis.

We used the publicly available ESC and 2C-like (MUERVL™, Zscan4*) PBAT methylation
data available under GEO accession humbers (GSM1966777, GSM1966778, GSM1966779,
GSM1966780, GSM1966781 and GSM1966782)18. We directly used the mm10 processed
data deposited by the authors. Briefly, the stranded CpG methylation profile was first
converted into an unstranded profile by combining the positive and negative signal, then the
methylation was estimated as the number of detected Cs compared to the total coverage.
Only promoters harbouring at least 3 CpG sites were considered.

Dux and Myc ChiIP-seq data analysis.

Dux ChIP-seq data were downloaded from a previous publication8 under GEO accession
number GSE95517. The Myc ChIP-seq dataset was from ref.28 with GEO accession number
GSM1171648. Raw reads were trimmed using Trimmomatic®3 and then mapped to the
mm10 genome using Bowtie2%4 (v2.2.9). Multi-mapped and unmapped and low-quality
reads were removed using samtools®® (v1.3.1) and PCR duplicates were removed using the
MarkDuplicates command from Picard tools (v2.8.0).

Statistics and reproducibility.

Statistical significance was determined using Student’s #test (two-tailed) or a non-
parametric Mann-Whitney U-test for datasets with non-normal distribution, as indicated in
the corresponding figure legends. For the #test, Welch’s correction was used for unequal
variance. Boxes in all box plots extend from the 25th to 75th percentiles, with a line at the
median. The whiskers show the minimum and maximum values. Statistical tests were
performed using Prism7 (GraphPad Software) or R. The size effects for the Mann—Whitney
(U-test were calculated as z/,/N, where Zis the Zvalue of the Mann-Whitney (U-test

(obtained using the coin R package) and Ais the number of samples. For the #test, we used

N

the unbiased Hedge’s g effect with the Hedge’s effect size correction applied N-—_;zs

Pearson correlation was calculated using the cor function in R. All sequencing experiments
presented in the manuscript were independently performed twice and the quality information
is included in Supplementary Table 9. All other experiments were performed at least twice
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independently with similar results with each experiment involving at least three biological
samples.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. RNA-seq indicates a step-wise pattern of transcriptome reprogramming from ESC to

2C-like cell transition.

a, A schematic representation of the constructs in the reporter cell line. tdTomato is under
the control of the MERVL promoter. synDux refers to codon-optimized exogenous Dux.
PBS, primer-binding site. LTR, long terminal repeats. b, A diagrammatic representation of
the different cell populations and the FACS threshold for cell isolation. c, A scatter plot
comparing the gene/repeat expression profiles between DO 2C~ (ESCs) and D1 2C* (2C-like
cells) populations (7= 32,831). The criteria for gene changes are FC > 2 and FDR < 0.001.
FDRs were estimated using the Benjamini-Hochberg method on the P values of the two-
sided quasi-likelihood A~test calculated using the edgeR package3’. d, A Venn diagram
between Dux-bound genes in ESCs and genes upregulated in D1 2C* cells. e, A scatter plot
comparing the gene expression profiles between spontaneous 2C-like cells and Dux-induced
2C-like cells (Pearson correlation, r=0.91, n=27,220). f, A heatmap showing the relative
expression levels of group 1 and group 2 genes from 2 biologically independent samples of
D0 2C~, D1 2C~ and D1 2C* cell populations (left) and the —log;o[ P value] of the gene
ontology (GO) terms enriched in each category of genes (right, right-tailed Fisher’s exact
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test). The number of genes in each category is indicated at the top of each GO enrichment
plot (right). b-f were summarized from two independent replicates of RNA-seq experiments
(nrefers to the number of transcribed genes/repeats). Statistical source data can be found in
Supplementary Table 10.
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Fig. 2 |. scRNA-seq reveals a transcriptional roadmap of the ESC to 2C-like cell transition.
a, Workflow of sScRNA-seq. Totals of 738, 456, 568 and 871 cellsat O h, 12 h, 24 h and 36 h

of Dux induction were collected. b, A uniform manifold approximation and projection
representation (UMAP) of cells sequenced by Drop-seq. Cluster 1 (1,780 cells), Cluster 2
(512 cells), Cluster 3 (341 cells). ¢, A violin plot showing the log, expression of
representative genes in each cluster (7= 1,780 cells, 512 cells and 341 cells respectively for
clusters 1, 2 and 3). d, A heatmap showing the normalized expression of marker genes in
each cluster. e, Hierarchical clustering (complete linkage) and PCA analysis of the
relationship between single-cell clusters (7= 3 clusters) and FACS-isolated cell populations
(n =6 biologically independent cell populations isolated by FACS) based on the
transcriptional profiles of commonly expressed genes/repeats (7= 18,373 genes/repeats).
R1/2, replicate 1/2. f, A bar plot showing the proportion of the different cell clusters at
different time points of Dux induction. On Duxinduction, an increased proportion of cells
transit into the intermediate or 2C-like state. g, Scatter plots showing cells along the
projected pseudo-time (top panel) and Zscan4d expression following the dynamics of the
ESC to 2C-like cell transition. h, Top: box plots showing the expression of 2C*-
downregulated pluripotent genes (/7= 135 genes), 2C*-upregulated 2-cell-embryo-specific
genes (7= 75 genes) and activated repeats (/7= 501 repeats) in each cell cluster. The black
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central line is the median, the box limits indicate the upper and lower quartiles, the whiskers
indicate the 1.5 interquartile range and dots represent outliers. P values were calculated by
two-tailed Mann—Whitney U-tests and effect sizes (shown as 7) were calculated as Z/,/N,
where Zis the Zvalue of the Mann-Whitney U-test and N is the number of samples.
Bottom: violin plots showing the expression of representative genes and repeats in each cell
cluster (n=1,780, 512 and 341 cells, respectively, for clusters 1, 2 and 3). The violin plots in
c,h show the kernel density estimation of the distribution of the gene expression in each
cluster. The width of the plot represents the proportion of data with the corresponding
expression value. Statistical source data can be found in Supplementary Table 10.
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Fig. 3 |. CRISPR-Cas9 screening identified regulators mediating the ESC to 2C-like cell
transition.

a, A schematic of the CRISPR-Cas9 screen. Two biologically independent screens were
performed. b, The sgRNA count enrichment from the first screen replicate. Notably, several
known negative regulators, such as Daxx, Maxand Mga, were also identified in the screen,
supporting the validity of our screen. The green dots indicate inhibitors identified by this
screen, the orange dots indicate positive regulators identified by this screen, and the blue
dots indicate known regulators. ¢, The interaction network of the top candidates identified
from the screen. d, The fold change (FC) of the 2C-like cells relative to the sgGFP control
after 1 d Duxinduction. The X in sgX refers to the gene that sgRNA targets to. Shown are
mean * s.d., 7= 3 biologically independent samples. The experiment was repeated
independently twice with similar results. The source data can be found in Supplementary
Table 10.
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Fig. 4 |. Myc impedes the repression of 2C*-downregulated genes at the early stage of the ESC to
2C-like cell transition.

a, The percentage of 2C-like cells after 1 d Dux induction of the indicated manipulation in
three independent ESC clones and representative FACS from clone 8. Shown are mean +
s.d., n= 3 biologically independent cell cultures. b, The relative expression (quantitative
PCR with reverse transcription (QRT-PCR)) of endogenous and exogenous Dux normalized
to Gapdh after 1 d induction. FC, fold change. Shown are mean + s.d., 7= 3 biologically
independent cell cultures. ¢, A Venn diagram of Myc-bound genes in ESCs overlapped with
2C*-upregulated and -downregulated genes, respectively. d, The expression levels of Myc-
bound 2C*- downregulated genes (/7= 1,059 genes) and 2C*-upregulated genes (7= 194
genes). e, A pie chart showing the relative percentage of group 1 and group 2 genes in Myc-
bound 2C*-downregulated genes. f, A box plot showing the log, expression in each cell
cluster of Myc-bound 2C*-downregulated genes detected in single-cell data (7= 408 genes).
g, The fold change (FC) of the 2C-like cell population after 1 d Dux induction in sgMyc
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relative to the sgGFP control. Shown are mean + s.d., 7= 3 biologically independent cell
cultures. In a,b,g, the Pvalues (indicated as numbers in the graphs) were calculated by
unpaired #test, two-tailed, two-sample unequal variance. The experiments were repeated
independently twice with similar results. In d,f, the black central line is the median, the box
limits indicate the upper and lower quartiles, the whiskers indicate the 1.5 interquartile range
and the dots represent outliers. P values were calculated by two-tailed Mann-Whitney (-
tests and effect sizes (shown as 7) were calculated as z/,/N, where Zis the Zvalue of the
Mann-Whitney U-test and N is the number of samples. d-f were based on two independent
replicates of RNA-seq experiments. Statistical source data can be found in Supplementary
Table 10.
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Fig. 5 |. Dnmt1 impedes activation of 2C*-upregulated genes during the late stage of the ESC to
2C-like cell transition.

a, The percentage of 2C-like cells after 1 d Dux induction of the indicated manipulation in
three independent ESC clones and representative FACS from clone 8. Shown are mean +
s.d., n= 3 biologically independent cell cultures. b, The relative expression (quantitative
PCR with reverse transcription (QRT-PCR)) of endogenous and exogenous Dux normalized
to Gapdh after 1 d induction. FC, fold change. Shown are mean + s.d., 7= 3 biologically
independent cell cultures. ¢, Promoter (TSS+ 1 kb) methylation of 2C*-upregulated (7= 751
genes) and -downregulated (n7= 1,170 genes) genes in sgDnmt1- and sgGFP-treated cells
measured by reduced-representation bisulfite sequencing (RRBS). d, The expression level of
2C*-upregulated (7= 2,285 genes) and 2C*-downregulated (7= 2,724 genes) genes. e, A
Venn diagram showing overlaps of Dnmt1-repressed genes/repeats and 2C*-upregulated
genes/repeats (372 out of 397, 93.7%). Dnmtl-repressed genes/repeats (283 genes and 114
repeats) are defined as elements that are further activated in sgDnmt1 cells compared to
sgGFP cells on Duxinduction (FC > 2 and Pvalue < 0.001). f, A pie chart showing the
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relative percentage of group 1 and group 2 genes in Dnmt1-repressed genes/repeats. g, A
box plot showing the log, expression in each cell cluster of Dnmtl-repressed genes/repeats
detected in single-cell data (7= 227 genes/repeats). h, The fold change (FC) of the 2C-like
cell population after 1 d Duxinduction in sgDnmt1 relative to the sgGFP control. Shown are
mean + s.d., 7= 3 biologically independent cell cultures. In a,b,h, the Pvalues (indicated as
numbers in the graphs) were calculated by unpaired #test, two-tailed, two-sample unequal
variance. The experiments were repeated independently twice with similar results. In ¢,d,qg,
the black central line is the median, the box limits indicate the upper and lower quartiles, the
whiskers indicate the 1.5 interquartile range and the dots represent outliers. P values were
calculated by two-tailed Mann-Whitney U-tests and effect sizes (shown as 7) were
calculated as z/,/N, where Zis the Zvalue of the Mann-Whitney U-test and Nis the
number of samples. c-g were based on two independent replicates of RNA-seq experiments.
Statistical source data can be found in Supplementary Table 10.
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Fig. 6 |. Dnmtl and Myc may impede the two-step transcriptional reprogramming of the ESC to

2C-like cell

transition.

a, The percentage of 2C-like cell population after 1 d Dux induction alone or combined
sgMyc and sgDnmt1 relative to the sgGFP control. Shown are mean +s.d., 7=3
biologically independent cell cultures. Representative FACS results are shown. Pvalues
(indicated as numbers in the graphs) were calculated by unpaired £test, two-tailed, two-
sample unequal variance. The experiment was repeated independently twice with similar
results. b, A model showing that Dnmt1 and Myc impede the transcriptional reprogramming
of the 2C-like transition at different stages. Statistical source data can be found in
Supplementary Table 10.
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