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Abstract

Unlike pluripotent cells, which generate only embryonic tissues, totipotent cells can generate a full
organism, including extraembryonic annexes. A rare population of cells resembling 2-cell stage
embryos arises in pluripotent embryonic stem (ES) cell cultures. These 2-cell-like-cells display
molecular features of totipotency and broader developmental plasticity. However, their specific
nature and the process through which they arise remain outstanding questions. Here, we identify
intermediate cellular states and molecular determinants during the emergence of 2-cell-like-cells.
By deploying a quantitative single cell expression approach, we identified an intermediate
population characterised by the expression of the transcription factor ZSCAN4 as precursor of 2-
cell-like-cells. Using an siRNA screening, we uncovered novel epigenetic regulators of 2-cell-like-
cell emergence, including the non-canonical PRC1 complex PRC1.6 and Ep400/Tip60. Our data
shed light on the mechanisms underlying the exit from the ES cell state towards the formation of
early-embryonic-like cells in culture and identify key epigenetic pathways that promote this
transition.
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Introduction

Results

Cellular plasticity, the ability to give rise to different cellular fates, is essential for
multicellularity. Multicellular organisms derive ultimately from one single cell, the one cell
embryo, which forms at fertilization and has the capacity to generate a full organism. This
capacity is referred to as totipotency1-3. Pluripotency, on the other hand, emerges later in
development and relates to the ability to form all germ layers of the embryo proper, but not
the extra-embryonic annexes4. In the mouse, only the zygote and individual 2-cell stage
blastomeres are, strictly speaking, totipotent, as they can generate a full organism on their
own5-7.

Pluripotent embryonic stem cells (ESCs) derived from the inner cell mass of the
blastocyst8,9 recapitulate some molecular features of the pre-implantation epiblast,
including expression of transcription factors such as NANOG and OCT410-12. ES cell
cultures are heterogeneous, with subpopulations of cells differing in gene expression in a
dynamic equilibrium13-18. Much of this heterogeneity results from changes in expression
of pluripotency-associated transcription factors (TFs), which are part of the core regulatory
network of ESCs19. In addition, the developmental potential of ESCs grown under different
conditions is not equivalent20-23.

Unlike pluripotency, the molecular features of totipotency remain largely unknown. Cells
resembling 2-cell stage embryos arise spontaneously in ES cell cultures, constituting less
than 1% of the culture 24. These 2-cell-like-cells display a transcriptome highly similar to 2-
cell stage embryos, including 2-cell-stage specific genes like Zscan4 and the MERVL
retrotransposon24,25, and have distinctive molecular features compared to ESCs, including
downregulation of OCT4 protein24, higher histone mobility26 and dispersed
chromocentres27. Two-cell-like cells seem to have higher developmental plasticity and
higher nuclear reprogrammability than ESCs24,27.

The molecular regulatory networks underpinning the molecular identity and emergence of 2-
cell-like-cells have not been established. Also, it is unclear whether they can self-renew, but
given their higher plasticity, knowledge of the underlying biology of the mouse 2-cell-like-
cells could potentially be applied to expand the potency of existing human pluripotent cells.

Single cell analysis reconstructs the transition to the 2-cell-like state

To shed light into the molecular mechanisms underlying the emergence of embryonic-like
features, we set out to identify intermediate steps in the transition from ES to 2-cell-like-
cells. We used transcriptional profiling at the single cell level, which can reveal dynamic
cellular states, thereby identifying cell fate determinants28,29. We focused mainly on
chromatin modifiers and transcription factors, which generally display low expression levels.
Because of the crucial need for highly precise and sensitive gene expression measurements,
we used a gPCR-based microfluidics approach based on the Biomark Fluidigm platform as
opposed to a poly-A-based RNA-seq method30,31.

Nat Genet. Author manuscript; available in PMC 2018 June 18.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rodriguez-Terrones et al. Page 3

We performed quantitative gene expression analysis in single cells using an ES cell line
containing the 2C::tbGFP reporter, driving turboGFP expression under the MERVL
promoter, which recapitulates the 2-cell-like state27. We identified a representative set of
genes to profile based on bulk RNA-seq data comparing ESCs versus endogenous and
CAF-1 KD-induced 2-cell-like-cells27. We selected 93 genes based on their differential
expression between ES and 2-cell-like-cells and on their functional significance (Fig. 1a,
Supplementary Fig. 1a, Supplementary Table 1). Through an experimental setup designed to
enrich for cells at an early stage of the transition towards the 2-cell-like state (Fig. 1b and
Supplementary Fig. 1b and c) we analysed gene expression in 136 individual tbGFP- and
tbGFP+ cells (Supplementary Table 2). Two spike-in controls allowed us to assess technical
noise (Supplementary Fig. 1d). t6GFP mRNA expression occurred in those cells selected as
tbGFP-positive based on their fluorescence, but not in cells lacking toGFP (Fig. 1c). Two-
cell-like cells (tbGFP+) maintained mRNA levels of Oct4/Pou5f1 and displayed high
expression of Zscan4 and of the MT2_mmand MT2B/C LTR-driven chimeric transcripts
Spz1, Naalad? and Sp110, thereby validating our dataset (Fig. 1c).

To identify transitional cellular states, we performed Principal Component Analysis (PCA),
which revealed three main sources of variability in the data. Principal component 1 (PC1)
separates thGFP- from tbGFP+ cells, and therefore defines the ES to 2-cell-like-cell
transition (Fig. 1d-e and Supplementary Fig. 1e). Expression of Zscan4 and of chimeric
transcripts, in addition to that of tbGFP, provides the strongest identity to PC1 (Fig. 1f-g).
PC2 revealed heterogeneity within the 2-cell-like-cell population (Fig. 1d-e). For example,
2-cell-like-cells display graded expression of /d1, /d2and /d3 (Fig. 1f). The PC3 contrasts
naive versus primed pluripotency (Fig. 1g)(Supplementary Fig. 1€)32-34. Importantly,
computing the same PCA but excluding the t6GFP expression produced the same results
(not shown), suggesting that the dispersion of the data is inherent to the global expression
profile of individual cells, and is not determined by the expression of the 2C..tbGFP
reporter. Thus, our single cell analysis allows us to model the acquisition of the 2-cell like
state.

Zscan4 positive cells exhibit an intermediate expression profile between ES and 2-cell-like-

cells

We next interrogated the single cell dataset for transcripts showing graded expression
between the ES and 2-cell-like-cells. The PCA identified a set of cells with an intermediate
expression profile located between the two clusters of cells, along PC1 (Fig. 1e, black
arrows). These cells lacked expression of 2C..tbGFP (Fig. 1d-e), indicating that they had not
yet entered the 2-cell-like state. However, they express the transcription factor Zscan4c/d/f
(Fig. 1h-i). The intermediate clustering of these cells was maintained even when omitting
expression data of Zscandc/a/fand tbGFP (Supplementary Fig. 1f, g). Thus, while
Zscandc/d/fexpression delineates an intermediate cellular state, this state is not solely
determined by changes in Zscan4c/d/f expression, suggesting that cells undergo larger
transcriptional reprogramming concomitantly with Zscan4c/d/finduction, but prior to the
acquisition of a 2-cell-like identity.
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Two-cell-like cells arise primarily from Zscan4 positive cells

We next addressed whether Zscandc/d/Fpositive (Zscan4+ hereafter) cells constitute an
intermediate state during the transition from ES to 2-cell like cells. While knock-down of
ZSCAN4 in ESCs results in genome instability35, its ectopic overexpression can induce a
limited part of the 2-cell-specific transcriptome36,37. We reasoned that if 2-cell-like-cells
arise from Zscan4+ cells, we could formulate four predictions. Firstly, profiling of single
cells expressing Zscan4 but not 2C...tbGFP should reveal a cluster of cells occupying an
intermediate position along the original PC1. Indeed, additional single cell expression
profiling of Zscan4+ cells sorted based on Zscan4::tdTomato fluorescence (Fig. 2a,
Supplementary Fig. 2a and Supplementary Note) and projection of the data into the previous
dataset indicated that Zscan4+ cells (but tbGFP negative) localized in the middle along the
PC1 (n=189 cells; Fig. 2b, red dots). This intermediate character persisted when computing
both datasets together and when data for tbGFP and Zscan4 was excluded from the analysis
(Supplementary Fig. 2b-c). Thus, Zscan4 is a marker of an intermediate cell population
between the ES and 2-cell-like state, and Zscan4+ cells are not necessarily 2-cell-like-cells.
Secondly, we reasoned that the majority — if not all- 2-cell-like-cells should also express
Zscan4. We found that all 2-cell-like-cells co-express endogenous ZSCAN4 protein (Fig. 2c,
d and Supplementary Note) and mRNA (Fig. 2d), in line with a recent report38. Thus, the 2-
cell-like-cell population is contained within the Zscan4+ population. Thirdly, we asked
whether Zscan4+ cells convert more frequently than Zscan4- cells to 2-cell-like-cells. Using
a destabilized Zscan4.:mCherry reporter (Fig. 2e, Supplementary Fig. 2d-e), we found that
Zscan4+ cells give rise to significantly more (~9 times) 2-cell-like-cells, compared to
Zscan4- cells (4% = 2.6 versus 0.5% = 0.13, p=0.04)(Supplementary Fig. 2f-g). Fourthly, we
performed time-lapse microscopy (Fig. 2e, Supplementary Fig. 2d-e and Supplementary
Note). We imaged 383 emerging 2-cell-like-cells and tracked them individually, which
demonstrated that the majority (81%; 312/383) emerged from Zscan4+ cells (Fig. 2f and
Supplementary Videos 1-3). The remaining ~19% (71/383) appeared directly from Zscan4-
cells (Fig. 2f), suggesting that 2-cell-like-cells may arise through different pathways. While
we cannot formally rule out that these cells also derive from Zscan4+ cells because of
incomplete Zscan4.::mCherry reporter penetrance (Supplementary Fig. 2¢), our results
suggest that 2-cell-like-cells arise primarily from Zscan4+ precursors, thereby identifying
Zscan4 transcription as the first molecular marker in the transition from ES toward 2-cell
like cells.

ATAC-seq analysis38 further demonstrated that Zscan4+ cells display an intermediate
pattern of chromatin accessibility between ES and 2-cell-like-cells (Supplementary Fig. 2h).
Importantly, ATAC-seq38 also revealed that while 2-cell-like-cells display an open
chromatin at MERVL sites, Zscan4+ cells do not (Fig. 2g-h). This suggests that the
chromatin landscape of Zscan4+ cells differs from that of 2-cell-like-cells and that Zscan4
activation precedes chromatin opening at MERVL.

Next, we investigated the dynamics of Zscan4 expression. ZSCAN4 is encoded by 6 genes
(athrough #25. Our single cell dataset revealed that three distinct cell clusters are defined
according to Zscan4 transcript abundance: low, medium and high (Supplementary Fig. 3a).
Their position along the PC1, from the lowest to the highest mMRNA content (Supplementary
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Fig. 3b-c), suggests a gradual activation of Zscan4 upon exit towards the 2-cell-like state
(Supplementary Fig. 3a and Supplementary Note). We classified cells into 5 groups based on
their combined expression of 2C::tbGFPand Zscan4: i) ESCs, ii) Zscan4-low (tbGFP-
negative), iii) Zscan4-medium (tbGFP-negative), iv) Zscan4-high (tbGFP-negative); and v)
2-cell-like-cells (tbGFP-positive). Transcript levels of Oct4did not vary across the five
groups (Fig. 2i; note Ct value; and Supplementary Table 3). Zscan4-low cells showed no
difference in expression of chimeric transcripts compared to ESCs, but chimeric transcripts
showed a bimodal distribution in the Zscan4-mid and high intermediates (Fig. 2i). This
suggests that LTRs are activated in different subpopulations of cellular intermediates,
pointing towards a sequential model of transcriptional changes whereby Zscan4 activation
precedes activation of chimeric LTRs and MERVL itself, in line with the ATAC-seq analysis

(Fig. 2g-h).

To address whether our conclusions above reflect sequential transcriptional changes
genome-wide, we interrogated available single cell RNA-seq datasets38. \We modelled single
cell RNA-seq data according to their abundance of Zscan4 transcripts, which confirmed the
presence of subpopulations of cells expressing various levels of Zscan4, which we classified
into ES, Zscan4-low, -mid and —high, and 2-cell-like-cells (Supplementary Fig. 3d-e).
Differential expression analysis revealed unique transcriptional changes between each
transitional state and confirmed a step-wise transition from ESCs towards the 2-cell-like
state globally, with the Zscan4+ intermediates showing an intermediate expression profile
(Supplementary Fig. 3f, g).

Zscan4+ cells downregulate protein levels of pluripotency factors

ES cell identity relies primarily on a gene regulatory network in which OCT4, NANOG and
SOX2 are essential components39. Two-cell-like cells downregulate protein levels of
0OCT424,27. To dissect the mechanism through which ESCs transition towards the 2-cell-
like state, we determined at which stage of the transition the down-regulation of
pluripotency-associated TFs occurs. We addressed whether other pluripotency-associated
factors are also affected in 2-cell-like-cells. OCT4 was downregulated in 2-cell-like-cells
and also in Zscan4+ intermediates (Fig. 3a, f and Supplementary Fig. 4a and Supplementary
Note). SOX2, PRDM14 and AP2y were also down-regulated in Zscan4+ cells (Fig. 3b-d, f).
REX1 localization changed in 2-cell-like-cells, suggesting an alteration of REX1 function
during the emergence of 2-cell-like-cells (Fig. 3e). In addition to changes in protein levels,
the single cell expression dataset revealed a gradient in the expression of Sox2, Prdmi4,
AP2y and Rex1, but not of Oct4, along the PC1 (Fig. 3g). Transcript levels of Sox2, APZy
and RexI were down-regulated in Zscan4-high intermediates, to a similar level to that of 2-
cell-like-cells (Fig. 3h and Supplementary Table 3). We conclude that the pluripotency
regulatory network is down-regulated in 2-cell-like-cells, in line with an exit from the ES
state, but that changes in the levels of pluripotency TFs are already apparent in the Zscan4-
positive, but 2C..tbGFP negative state. Therefore, upregulation of Zscan4 precedes changes
in the pluripotency core regulatory network in the transition towards 2-cell-like-cells.
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Exit of ESCs towards the 2-cell-like state is unrelated to differentiation

The results above prompted us to investigate whether 2-cell-like-cells emerge through a
similar mechanism to differentiation, since both fates entail the eventual down-regulation of
pluripotency TFs. To address whether 2-cell-like-cells exit through an early differentiation
intermediate or rather exit independently of differentiation cues, we used a RexZ knock-in
reporter40, as RexI expression faithfully reflects the earliest exit towards
differentiation17,22. Rex1-negative cells, in contrast to Rex1-positive cells, lose clonogenic
self-renewal capacity when plated in serum21. In addition, Rex1-low and Rex1-negative
cells differentiate more efficiently than Rex1-positive cells17,22. We reasoned that if 2-cell-
like-cells emerge from differentiating ESCs, Rex1-low cells should generate Zscan4+ cells
with higher propensity. Using a double reporter cell line (Fig. 4a and Supplementary Fig. 4b-
c), we removed Zscan4+ cells from serum/LIF grown ESCs and replated Rex1-low and
Rex1-high cells separately (Supplementary Fig. 4d). Rex1-low cells showed the expected
flattened morphology after 24h of culture (Fig. 4b)17. FACS revealed that Rex1-low cells
generate fewer Zscan4+ cells than Rex1-high cells (Fig. 4c, d), in line with the single cell
data showing an enrichment of Zscan4+ cells in Rex-1 high cells (Supplementary Fig. 4e, f).
To rule out the possibility that Zscan4+ cells within the Rex1-low fraction derive from a
population that interconverted to the Rex1-high state 17,21,40 (Fig. 4e), we performed the
same experiment as above, but included Rex1-negative cells, which cannot convert to Rex1-
positive state21(Fig. 4f, g). This time, cells were plated without LIF because after 24h of
LIF withdrawal, Rex1-low cells irreversibly lose ES cell identity and are closer to lineage
specification21. FACS confirmed that Rex1-low cells have a decreased ability to generate
Zscan4+ cells (Fig. 4h, i). In addition, the number of Zscan4+ cells in the Rex1-negative
population was significantly lower than in the Rex1-positive fraction. Thus, Zscan4+ cells —
and therefore 2-cell-like-cells — do not emerge from a differentiating precursor. In
agreement, siRNA for Oct4, Nanog, SoxZ2or Rex did not affect the percentage of Zscan4+
and 2C:tbGFP+ cells (Supplementary Fig. 4g-i). We conclude that 2-cell like cells exit the
ES cell state through a different path than differentiation.

Defining a molecular roadmap during the emergence of the 2-cell like state

We next sought to define a molecular roadmap for 2-cell-like-cells emergence based on the
sequential changes in gene expression across the 5 cellular states described above
(Supplementary Fig. 5a-b and Supplementary Table 3). Specific TFs showed significant
changes of expression upon 2-cell-like-cell emergence, mostly among the Zscan4+
intermediates (Fig. 5a). For example, the pioneer factor FoxA1 was sharply upregulated at
the Zscan4-low to Zscan4-mid transition. Amongst the 22 chromatin modifiers profiled, a
few displayed significant changes accompanying each of the transitions between ES and 2-
cell-like-cells (Fig. 5a). The transition with the most changes in the chromatin factors
analysed was between the Zscan4-mid and the Zscan4-high states. These observations
prompted us to undertake a broad functional analysis to identify epigenetic factors that
promote 2-cell-like fate.
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Identification of epigenetic pathways regulating 2-cell-like emergence

We performed a screening using an siRNA library targeting 1167 genes41l (Fig. 5b,
Supplementary Table 4). Based on our results above, we employed three readouts to identify
bona fide 2-cell-like-cells: 2C::eGFP expression, ZSCAN4 expression, and loss of OCT4
protein (Fig. 5¢). The screening achieved single cell resolution through nuclear segmentation
(Supplementary Fig. 6a). We included siRNA against the CAF-1 subunit p150 as positive
control27(Fig. 5¢ and Supplementary Fig. 6b) and applied stringent thresholds based on
individual and combined Z-scores for hit selection (Fig. 5d-e and Supplementary Fig. 6c).
Some hits led to reduced cell numbers (Supplementary Fig. 6d), suggesting toxicity and/or
cell proliferation effects. Chromatin modifiers previously shown to affect 2-cell-like
emergence, such as KAP1 and LSD1 were also in our screening; however, their down-
regulation had a mild effect on 2-cell-like-cell induction, and a lower Z-score. We extracted
the top 50 hits (Fig. 5f) and validated them using a secondary screening (Supplementary Fig.
7a-b). Because top hits of the primary screen include polycomb proteins and histone
chaperones, we included additional siRNAs to investigate all known components of these
pathways. We validated all top 50 hits, with the exception of Dnmt3b (Supplementary Fig.
7¢). In addition, siRNA for polycomb-related proteins MGA, MAX and RYBP 42,43 and the
histone chaperone DAXX, induced 2-cell-like-cells from 3- to 15-fold (Supplementary Fig.
7d-e). The combined top 50 hits from both screenings varied in their relative impact on
2C::eGFP, ZSCAN4 and OCT4 expression (Fig. 5f). Quantification of 2-cell-like-cells in the
top 50 hits revealed an induction that ranged between 0.28 and 2.52%, which represents a
fold induction of 3.5 to 32 times compared to the controls (Fig. 5g and Supplementary Table
4).

Analysis of the protein networks of the validated top 49 hits revealed 5 major complexes that
regulate 2-cell-like-cell emergence, including 23 components of the spliceosome, 4 major
members of the Ep400/Tip60 (KAT5) complex, 7 members of the Polycomb (PcG)
Repressor Complex 1 (PRC1), and proteins involved in DNA replication (Fig. 6a). The
members of the PRC identified belong to a non-canonical PRC1 complex44,45 characterised
by the presence of RYBP and PCGF646,47, suggesting specificity among the PcG proteins
in their ability to regulate 2-cell-like-cell emergence. Importantly, our screening identified
the second CAF-1 subunit, p60 (Chaf1b), in agreement with our previous work27. The
MRNA expression profile of the identified hits in endogenous and CAF-1-KD-induced 2-
cell-like-cells suggests that many, but not all, of the hits analysed are down-regulated in 2-
cell-like-cells (Supplementary Fig. 8a). In the embryo, the expression level of all the hits
obtained varied across developmental stages, with most hits displaying a sharp down-
regulation or up-regulation at the 4-cell stage (Supplementary Fig. 8b).

We selected 11 hits from the major chromatin pathways identified: PRC1, Ep400/Tip60 and
the replication factor Rifl, which we validated individually with single siRNAs, firstly by
assessing the efficiency of knock-down (Fig. 6b). Because RNAI for spliceosome proteins
resulted in increased cell death (Supplementary Fig. 6d), we did not focus on its subunits for
further analysis. Instead, our subsequent analysis concentrated on Ep400, Dmapl, Ring1b,
Pcgf6, Rifl, L3mbtl2, Usp7, Tip60, Mga, Max and Rybp, all of which were effectively and
specifically down-regulated upon siRNA transfection (Fig. 6b, and data not shown). We
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included the p150 and p60 CAF-1 subunits in all our subsequent experiments as positive
controls. All 2C::eGFP positive cells induced displayed robust expression of ZSCAN4
protein, similarly to endogenous and CAF-1KD-induced 2-cell-like-cells (Fig. 6¢ and
Supplementary Fig. 9). In addition, these cells expressed the GAG protein, reflecting
expression of endogenous MERVL loci (Fig. 6d) and faithful recapitulation of MERVL
transcription by the 2C::eGFP (Supplementary Fig. 9). RT-qPCR demonstrated that SiRNA
for all 11 hits provoked a strong increase of MERVL, major satellites, Zscan4 and transcripts
from chimeric genes (Fig. 6e and Supplementary Fig. 10a). OCT4 protein was undetectable
in 2C:eGFP positive cells that emerged after knock-down of our 11 hits analysed
(Supplementary Fig. 9c). All these results together indicate that the 2-cell-like-cells induced
upon down-regulation of our novel 11 hits are bona fide, as they display the known
molecular characteristics of endogenous 2-cell-like-cells24,27. FACS quantification of
2C::eGFP fluorescence revealed an induction of 2-cell-like-cells between 5- and 30-fold
compared to the controls (Fig. 6f). Ep400, Dmap1 and Mga were the most effective hits:
their sSiRNA resulted in an increase in the 2-cell-like-cell population of up to 5 to 6% of the
culture, compared with only ~0.2% in the controls (Supplementary Table 4). Thus, our
screening effectively led to the identification of novel regulators of 2-cell-like emergence.

We next addressed whether selected subunits of the PRC1.6 and Ep400/Tip60 complexes
function in the maintenance and/or induction of 2-cell-like-cells by sorting out Zscan4+ cells
and 2-cell-like-cells followed by siRNA for Pcgf6, Ring1b, Ep400and Dmapl. The
percentage of 2-cell-like-cells after siRNA for all 4 subunits was the same in cultures where
Zscan4+ and 2-cell-like-cells had been removed, compared to cultures with pre-existing 2-
cell-like-cells (Fig. 7a), suggesting that the primary function of these proteins is in the
induction, rather than in the maintenance of the 2-cell-like state. In addition, while most of
the hits identified affected the percentage of both Zscan4+ and of 2-cell-like-cells similarly,
some of the proteins identified had a bigger effect on 2-cell-like-cell induction (Fig. 7b and
Supplementary Fig. 10b). We conclude that members of the Ep400/Tip60 complex, as well
as PRC1 and Rif1, act as inhibitors of 2-cell-like emergence in ES cultures.

To understand the molecular nature of PRC1 activity in 2-cell-like-cell formation we
determined which polycomb complex inhibits 2-cell-like emergence by performing siRNA
for all known PRCL1 subunits and associated polypeptides (Supplementary Fig. 11a). Nine of
the 28 siRNAs tested led to significant increase in the 2-cell-like-cell population
(Supplementary Fig. 11b; protein names highlighted in red in Supplementary Fig. 11a), with
subunits specific of the non-canonical PRC1 (ncPRC1) complex PRC1.6, such as PCGF6
and L3MBTL2, acting as main gatekeepers of 2-cell-like emergence (Supplementary Fig.
11Db). In line with this, downregulation of MGA and MAX, known interactors of Myc also
known to assemble into PRC1.6 46,48,49, robustly induced 2-cell-like-cells (Supplementary
Fig. 11b). In addition to revealing PRC1.6 as a regulator for 2-cell-like-cells, our results
suggest specificity in the ncPRC1 subunits involved. Down-regulation of RYBP, but not of
YAF-2 which is mutually exclusive with RYBP and defines different complexes46, induced
2-cell-like-cells (Supplementary Fig. 11c-f). Likewise, down-regulation of Ring1b, but not
of Ringla, induced 2-cell-like-cells (Supplementary Fig. 11c-f). In agreement, down-
regulation of Usp7and Skpl, known interactors of RING1B, but for which a tight specific
allocation to a given ncPRC1 subcomplex is unknown50, efficiently induced 2-cell-like-
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cells. Notably, siRNA for PRC2 components EED and EZH2, had no effect on 2-cell-like-
cells emergence or MERVL transcription (Supplementary Fig. 11g-j).

Because PRC1 catalyses H2AK119 ubiquitylation, we addressed H2AK119ub levels in 2-
cell-like-cells. Immunostaining for H2AK119ub revealed that endogenous and induced 2-
cell-like-cells display significantly lower levels of H2AK119ub, compared to their
neighbouring ESCs (Supplementary Fig. 12a and b). This is relevant considering that
reduced H2AK119ub levels occurred not only upon Ring1b/Pcgfé down-regulation — for
which this is expected — but also upon down-regulation of £p400, and, albeit to a lesser
extent, of Dmap1, suggesting that emergence of 2-cell-like-cells, regardless of the molecular
pathway involved, entails decrease in H2AK119ub.

We next asked whether the epigenetic pathways identified act in parallel in regulating 2-cell-
like-cell fate. siRNA for any combination of Ep400/Tip60 and PRC1.6 subunits had a clear
additive effect (Fig. 7c and Supplementary Note), indicating that Ep400/Tip60 and PRC1.6
act through different pathways to induce 2-cell-like-cells. In agreement, RexZ and Nanog
siRNA did not affect the fold change of 2-cell-like-cells upon Ep400and Dmapl siRNA, but
did affect slightly the extent to which downregulation of Pcgf6 and Ring1binduced 2-cell-
like-cells (Supplementary Fig. 12c). This suggests that part of the effect of PRC1.6 — but not
of Ep400 or Tip60 — in inducing 2-cell-like-cells, is dependent on REX1 and NANOG
function. In addition, 2i treatment decreased the number of 2-cell-like-cells emerging after
SiRNA for Pcgf6, Ringl1b, Ep400and Dmapl (Fig. 7d), and overexpression of Manog had no
effect (Supplementary Fig. 12d).

Lastly, to investigate the potential mechanism of action of PRC1.6 and Ep400/Tip60 in 2-
cell-like emergence, we asked whether they occupy genes differentially expressed in 2-cell-
like-cells, in ESCs. We analysed ChlP-seq data for PRC1.6 and Ep400/Tip60 subunits in
ESCs. We classified differentially expressed genes as up- or down-regulated27 and analysed
the enrichment of the PRC1.6 subunits RING1B, RYBP, MAX, of H2AK119ub and of
Ep400 and H3K4me3 over their TSSs. Because most transcriptional changes observed in 2-
cell-like-cells are in up-regulation27,51, we focused on up-regulated TSSs. K-means
clustering of ChlP-seq profiles revealed 5 main binding profiles (Fig. 8a). From these, 3
clusters were strongly co-occupied by RING1B, RYBP and H2AK119ub (odds ratio for
enrichment 2.84, p-value=1.24 e-06), suggesting that these genes are normally repressed by
PRCL1 in ESCs. The TSSs and associated transcripts from these 3 clusters were mostly silent
in ESCs, and their expression was induced in 2-cell-like-cells, representing around ~17% of
the upregulated TSSs (Fig. 8a). Two of the 3 PRC1-bound clusters were comprised mainly
of ‘bivalent’ promoters marked by H3K4me3 and PRC1 occupancy (in addition to
H3K27me3, not shown). Approximately half of the up-regulated TSSs (~57%) did not show
binding of any of the chromatin modifiers or modifications analysed, presumably due to the
low mappability of some of these regions (Fig. 8a). Interestingly, we found that many of
them contained a MERVL (MT2_Mm) within 50 kb upstream (Fig. 8a), contrary to down-
regulated genes. The up-regulation of the genes within this cluster is therefore presumably
explained by proximity to MERVL1,51,52. Notably, we did not observe significant binding
at MERVL for Ep400 or for PRC1 subunits RING1B or RYBP, except for a minor fraction
of complete MERVL that is bound by Max (Fig. 8b; see Online Methods and data not
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shown). Since a large proportion of the down-regulated genes in 2-cell-like-cells are bound
by Ep400 (Fig. 8c)(odds ratio for enrichment 3.70, ~60% of down-regulated genes, p-value
<2.2 e-16), down-regulation of the latter may help repressing part of the ES transcriptome in
2-cell-like-cells. This also supports the observations that simultaneous down-regulation of
both complexes synergistically induces 2-cell-like-cells. Together, these data suggest that the
transition towards the 2-cell-like-cell transcriptome is combinatorial and can be achieved at
least at two different levels: i) regulation through the binding and action of the identified
chromatin modifiers and ii) activation of a proximal MERVL, presumably through the
binding of the transcription factor Dux53,54.

Discussion

We have identified an intermediate cellular state during the transition to the 2-cell-like state
characterized by a transcriptional profile distinctive from ES and 2-cell-like-cells. We note
that, in contrast to previous findings where the Zscan4+ and the MERVL+ populations have
been considered interchangeable38, our approach of classifying individual cells based on
their single-cell transcriptome rather than by their fluorescence or population-wide
transcriptome allowed us to uncover differences between the populations in a more robust
and quantitative manner. Zscan4 is a bona fide marker for this intermediate population.
While the activation of Zscan4 expression demarcates the first molecular change that we
detect, the extent of the transcriptional changes in Zscan4+ cells is not limited to Zscan4
expression. This anticipates that ZSCAN4 itself may not necessarily have a directive,
essential role in 2-cell-like emergence. Indeed, ZSCAN4 overexpression in ESCs seems to
elicit cell death and can trigger part, but not all, repertoire of 2-cell-like-cell
characteristics36.

Early differentiating cells generate fewer Zscan4+ cells compared to naive ESCs, indicating
that exit towards the 2-cell stage demarcates a different process compared to loss of
pluripotency upon differentiation. Our data also indicate that 2-cell-like-cells themselves are
heterogeneous, but the nature of their heterogeneity differs from ES cell heterogeneity.
While 2-cell-like-cells have been proposed to constitute a metastable state24, it remains to
be seen whether such a state is also in an internal dynamic equilibrium or whether the
heterogeneity that we observed represents additional transitional states.

A more open chromatin characterises the 2-cell state /n vivoand in vitro26,54,55. Ep400/
Tip60 regulates nucleosome stability56,57, potentially providing a molecular basis for
chromatin opening. Our data suggest that several activities are in play to regulate the
transition from ES to 2-cell-like-cells. This is supported by the synergistic effects of PRC1.6
and Ep400/Tip60 down-regulation in 2-cell-like emergence. In addition, PRC1.6 is the only
PRC1 complex that possesses histone deacetylation activity46,47, which may also impact on
the global histone hyperaceylation observed in 2-cell-like-cells24,27. Notably, specific
components of PRC1.6, such as L3MBTL2 and RYBP, are low or absent from embryonic
chromatin in 2-cell-stage embryos58. While work on induced pluripotency indicates that
reprogramming does not necessarily recapitulate developmental progression in reverse order,
investigating whether the factors that we identified are responsible for regulating the 2-cell
transition /n vivo will be an important task for the future.
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Our data supports a role for several biochemical activities such as chromatin assembly,
nucleosome remodelling and histone acetylation and ubiquitylation in reshaping the
chromatin landscape from ES to 2-cell-like cells (Fig. 8d). Altogether, our work identifies
transitional states during the transition from ES to 2-cell-like-cells and chromatin pathways
involved. Investigating the molecular mechanisms behind the emergence of the 2-cell state
in culture, is an essential prerequisite to any statement about a potential similarity with the
molecular transitions occurring in development /n vivo.

Online Methods

Cell culture

All cell lines in this study, unless otherwise stated, were grown in media containing DMEM-
Glutamax-1, 15% fetal calf serum, 2x LIF, 0.1 mM 2-betamercaptoethanol, non-essential
amino acids, penicillin and streptomycin over a bed of feeder cells. For the LIF withdrawal
experiment, LIF and feeders were omitted from the culture conditions. Medium
supplemented with 2i (3 uM CHIR99021 and 1 uM PD0325901, Miltenyi Biotec) was used
for the establishment of stable cell lines and for their expansion and maintenance. After
removal of 2i, cells were always cultured for at least 7 days in Serum/LIF conditions over a
bed of feeder cells before being used for experiments (except for sSiRNA transfection).

siRNA transfection

Two days before transfection, cells were plated in gelatin-coated dishes. The 2i inhibitors
were removed from the medium 1 day before transfection. Lipofectamine RNAi MAX (Life
Technologies) was used for siRNA transfection according to the manufacturer’s instructions.
75,000 cells were reversed transfected in 24-well-gelatin-coated plates using 30 nM siRNA
final concentration (the siRNAs are listed in Supplementary Table 5). We used Silenced
Negative Control No.1 siRNA (Life Technologies) as a negative control for SiRNA
treatment. The effect of RNAI was examined 2 days after transfection. Pcgf6, Ring1b,
Ep400, Dmapl, Mga, Max and Rybp siRNA effects on 2-cell-like cell induction were
validated by FACS, IF and RT-qPCR (gPCR primers are listed Supplementary Table 6) with
an additional second siRNA sequence available upon request (data not shown). The effects
of Snrpd1 and Lsm6 siRNA on 2-cell-like cell induction observed in the screening were
validated by FACS, IF and RT-gPCR (data not shown). However, because of the high cell
toxicity observed upon siRNA to spliceosome (Supplementary Fig. 5d), we did not focus on
these hits for the remainder of the work. Lipofectamine 2000 (Life Technologies) was used
for co-transfection of siRNA and Nanog expression vector 59 according to the
manufacturer’s instructions. Cells were analysed by RT-gPCR 2 days after transfection.

RNAI Screening

Screening was performed in the high throughput screening facility of the IGBMC, using a
custom siRNA library (Dharmacon) of chromatin factor related siRNA siGenome smartpool
(4 different siRNAs/pool). Controls were performed with smartpool siRNAs from
Dharmacon (Thermo Scientific). Transfection efficiency was optimized using a cell death
SiRNA that trigger cell death when transfected in the cells (quantification of transfection
efficiency by assessing the toxicity) and the p150 siRNA (quantification of transfection
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efficiency by measuring the induction of 2-cell-like cells). For each target, 20 nM final
concentration of SiRNA is reverse transfected in triplicate in 5,000 mESCs by using
INTERFERIN®-HTS (Polyplus-Transfection). For the primary screening 1167 genes were
targeted (see Supplementary Table 4). The screening was performed in 96-well microplates
coated with gelatin. 2 days after siRNA transfection, cells were fixed with 1.5%
paraformaldehyde, permeabilized with 0.1% Triton X-100, blocked with 2% BSA, and
incubated with eGFP, ZSCAN4 and OCT4 antibodies followed by Alexa Fluor 647, 555 and
488 conjugated second antibodies (Invitrogen). Cell nuclei were counterstained with 1
pg/mL DAPI. The screening was achieved owing to a Tecan Freedom EVO 150 (for cell
transfection, staining, and immunocytochemistry) and to an Orbitor™ RS Microplate Mover
robotic arm coupling microplate stacks to a Cellomics Celllnsight™ NXT High-Content
Screening Platform (Thermo Scientific™). Images were acquired with the Celllnsight™
NXT (Thermo Scientific™) and analyzed with HCS Studio™ Cell Analysis Software
(nuclei segmentation and eGFP, ZSCAN4 and OCT4 intensities). Quantification of positive
cells for each of these factors was done automatically, based on nuclear segmentation and
across >5 fields (for actual number of cell counts see Supplementary Tables S7 and S8. The
percentage of cell positive for eGFP, ZSCAN4 or OCT4 staining were quantified for each
well. 2-cell-like cells are defined as cells that are positive for eGFP and ZSCAN4 but
negative for OCT4 staining.

To validate selected targets from the siRNA screen, a secondary screen was performed with
individual siRNAs. In the secondary screen, 81 genes of the primary screening were
assessed by transfecting 4 different individual SiRNAs, in triplicate for each target. The
secondary screening showed high reproducibility with the primary screening
(Supplementary Fig. 7a-b). In addition, 32 new genes were also investigated in the
secondary screening by transfecting a pool of 4 siRNA per target as well as 9 genes already
present in the primary screening as internal control (Supplementary Table 4). The methods
used for the secondary screen were as described for the primary screening. For each

Tt —7T

condition, z-scores were calculated as follow: z="mean ( s where X; are the values
for the triplicates, X and s are the mean value and the standard deviation for the negative
control conditions, respectively.

Reporter cell lines

EGFP and turboGFP 2C-reporter cell lines were previously described27. To generate the
Zscan4 reporter cell line, we replaced the emerald cassette of the reporter plasmid kindly
provided by M. Ko 35 with a destabilized NLS-tagged tdTomato or mCherry cassette. To
generate the Zscan4 reporter cell lines, the turboGFP 2C-reporter cell line was transfected
with the respective plasmids using Lipofectamine 2000 and afterwards a single clone was
selected. In the case of the Rex1 and Zscan4 reporter, a stable cell line carrying a knocked-in
EGFP cassette into the ORF of Rex1 was kindly provided by the laboratory of Austin Smith
40 and afterwards transfected with the Zscan4c::tdTomato reporter construct. The reporter
cell lines used in this study are summarized below:
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Transgene 1 Transgene 2 Transgene 3 Experiments
-RNA-seq data in Fig 1
-ZSCAN4
immunofluorescence in Fig
2C::3XturboGFP-NLS-PEST n.a. n.a. 2

-SOX2 and REX1
immunofluorescence in Fig
4

. . -Single cell expression
2C::3XturboGFP-NLS-PEST CAG::NLS-tdTomato n.a, profiling in Fig 1, S1and S4

-Single cell expression
profiling in Fig 2
2C::3XturboGFP-NLS-PEST Zscan4c::tdTomato-PEST n.a. -PRDM14 and TFAP2C
immunofluorescence in Fig
3

- Time-lapse experiments in
Fig 2
2C::3XturboGFP-NLS-PEST | Zscan4c::mCherry-NLS-PEST | CAG::H2B-tdiRFP | - FACS analysis
experiments in Fig. 7a, 7c
and S7.

-OCT4 immunofluorescence
2C::EGFP n.a. n.a. inFig 3
-Screening, Figures 5to 7

ReXL:EGF':‘;FEg;r (knock in, Zscan4c::tdTomato-PEST n.a. -All experiments in Fig 4

Analysis of RNA-seq data and selection of genes for the single cell expression profiling
experiments

RNA-seq data for 2-cell-like cells was reported previously in ref. 27. Genes used in the
Biomark single cell analysis were selected on the basis of their functional significance and
differential expression from our previous bulk RNA-seq analysis. Chimeric genes were
defined on the basis of transcription starting from an LTR from the MT2 families by genome
browser analysis of the RNA-seq in Ishiuchi et al27. Heatmaps of this transcriptomics data
were generated using the ggplot2 R package.

Validation of Tagman assays and custom designs

Tagman assays (ThermoFisher Scientific) were first tested on 3 different 5-fold serial
dilutions of cDNA from turboGFP™* cells on a LightCycler gPCR instrument. Tagman assays
that failed to amplify or that did not exhibit linearity in their measurements when compared
between the different dilutions were omitted from the single cell analysis. All Tagman
assays used are described in Supplementary Table 1. The Tagman used for Zscan4 amplifies
Zscan4c, d and f. Custom primers were designed to target turboGFP reporter and were
mixed to a final concentration equivalent to that of the Tagman assays (18 uM for the primer
and 4 uM for the probe).

Single cell expression profiling

After thawing, reporter cell lines were cultured for 6 days in Serum/LIF conditions over a
bed of feeders and passaged every single day except for the second day of culture. On the 6t
day of culture, cells were sorted with the help of a FACS machine and only 2C::turboGFP-
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cells were replated; 2-cell-like cells were discarded. 24 hours later, cells were sorted once
again but this time either the ESC, the 2-cell-like or the Zscan4* fraction was preserved and
prepared according to the manufacturer’s protocol (Fluidigm, PN1006117) for use in
Fluidigm’s C1 microfluidics-based single cell sample preparation platform. Of note, 1 uL of
a 1:286 dilution of ERCC spike-in mix was added to the lysis solution of each C1 run
instead of water. Single cell expression data was generated in Fluidigm’s Biomark qPCR
platform in technical duplicates using Tagman probes (ThermoFisher Scientific) according
to the manufacturer’s protocol (Fluidigm, PN68000130). Only cells which passed the quality
control check were included in the analyses performed throughout the manuscript. In total,
we profiled 136 cells across three biological and two technical replicates. A constitutive
PCAG promoter driving NLS-tdTomato expression allowed us to sort feeder cells out (Fig.
1b and Supplementary Fig. 1c). In addition, we used two spike-in controls, which allowed us
to assess the quality of the normalization to endogenous control genes and therefore to
constrain technical noise (Supplementary Fig. 1d)

Normalization, quality control and modeling of single cell data

Ct values obtained from the Biomark platform were processed as described previously60.
Briefly, Ct values higher than 28 or with quality scores lower than the threshold of 0.65 were
substituted with Ct values of 28. Subsequently, Ct values were subtracted from a baseline
value of 28 so that 0 implies no expression and 28 a high level of expression. For
normalization purposes, the average of Actband Gapadh Ct values was subtracted from the
values of all other genes for the same cell in order to obtain positive values in all assays and
samples. The Ct values of both technical replicates of the same cell were averaged. Please
note that, unlike RNA-seq approaches, higher levels of expression of specific genes, relative
to other is unlikely to bias the gene expression data because the usage of a pool of primers
specific for each of the assayed genes provides additional robustness to a single highly-
expressed gene being preferentially amplified and biasing a cell’s transcriptional profile. For
the principal component analysis, the principal components of the dataset were computed
using the svd method in R, and no scaling was performed. For the projection of the Zscan4
dataset into the principal components of the ESC/2-cell-like dataset, principal components
were calculated using the svd method for the ESC/2-cell-like dataset and afterwards its
loadings matrix and the Zscan4 dataset’s matrix were multiplied. All plotting was done in R
with the ggplot2 package. In order to classify cells into the ESCs, Zscan4-low, Zscan4-mid,
Zscan4-high and 2-cell-like categories we first classified them into two groups based on
whether they expressed Zscan4c/d/f or not. Cells that did not express Zscan4 were termed
ESCs. The remaining cells were subsequently classified based on whether the twrboGFP
transcript level exceeded the established cutoff, which was determined with the help of the
density function of furboGFP expression. Cells with expression values above the cutoff were
classified as 2-cell-like cells. Note that this threshold had to be defined because the tbGFP
reporter is intron-less and it therefore has to be distinguished from the genomic background
(1C, threshold selection not shown). The remaining cells were classified into Zscan4-low, -
mid or -high cells according to the thresholds that were set over Zscan4’s density function in
Supplementary Fig. 2c.
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Gapdhand Actb were used as internal controls for normalisation since they reflect
independent molecular pathways and are unrelated to pluripotency. Indeed, their expression
was stable across samples and showed a high correlation. The Ct values for ES (GFP-) and
2-cell-like cells (GFP+) were consistently similar for the spike-in RNAs after normalization
(Supplementary Fig. 1c), supporting the robustness of the normalization. Once data
processing was performed, all cells expressing outlier values in Actb, Gapadh or the spike-in
RNAs were removed from the analysis.

For the principal component analysis, the principal components of the dataset were
computed using the pcaMethods package in R (ref. 61), and no scaling was performed. For
the projection of the Zscan4 dataset into the principal components of the ESC/2-cell-like
dataset, principal components were calculated for the ESC/2-cell-like dataset and afterwards
its loadings matrix and the Zscan4 dataset’s matrix were multiplied.

All plots were done in R with the ggplot2 package.

Flow cytometry

Cells were washed with room temperature sterile PBS, trypsinized and re-suspended in ice-
cold sterile 0.5% BSA PBS solution. Sorting was performed using a BD BioSciences FACS
Avria Il or 111, During sorting, cells were collected in culture medium and kept at 4 °C during
the sort. Analysis of FACS data was performed using the FlowJo software and the same
gatings were used for all replicates of a same experiment. Cells were not index sorted and
the purity of the sort was estimated at 96% for 2C-like and 97% for ESCs. A control flow
profile for wt ESCs is shown in Supplementary Figure 1c. For the Rex1 experiments, the
Rex1" gate was defined based on the fluorescence of WT ESCs and the Rex1M9" gates were
defined based on the fluorescence of Rex1-GFP cells cultured in 2i. FACS Calibur (BD
Biosciences) was used to quantify the population of eGFP-positive cells. Cells that had been
frozen in 2i were thawed and the Rex1 sorting was performed 4 days after 2i withdrawal.
For data presented in Figure 7a, the 2C::turboGFP and Zscan4c::mCherry cell line was
FACS sorted just before transfection and the 2-cell-like cells or Zscan4::mCherry positive
cells were removed respectively from the population.

Immunofluorescence, image processing and quantification

Cells were cultured over feeder-coated coverslips, fixed in PFA for 10 minutes at room
temperature and permeabilized with 0.2% Triton X-100 for another 10 minutes. Primary
antibodies were incubated overnight followed by 3 washes in PBS. Secondary antibodies
were incubated for 1 hour. Mounting was done in Vectashield mounting medium (\Vector
Labs). Image acquisition was performed using a Leica SP8 confocal microscope. For
immunofluorescence quantifications, manual segmentation of the cell nucleus was
performed on the DAPI channel using ImageJ and the average fluorescence intensity was
measured. ImageJ software and afterwards the average fluorescence intensity was measured.
Only ESCs, ZSCAN4™ cells and 2-cell-like cells from the same coverslip and imaging
session were used for each comparison. Density plots for each of these groups were
computed using the kernel density estimation function in R using the Sheather & Jones
bandwidth selection method. For 2C::eGFP immunostaining, cells were fixed as described
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and blocked for 30 min at 37°C in 10% FCS, 3% BSA and 0.1% Triton X-100 in PBS
(blocking buffer). Primary and secondary antibodies were each incubated for 30 min at 37°C
in the blocking buffer solution.

Real-time PCR

Antibodies

Total RNA was extracted from ESCs with the RNeasy Plus mini kit (Qiagen) and treated
with turbo DNase (Life Technologies) to remove genomic DNA. Reverse transcription was
performed with SuperScript Il (Life Technologies) with random hexamers. Real-time PCR
was performed with Lightcycler 480 SYBR Green | Master Mix (Roche) on a LightCycler
96 Real-time PCR System (Roche). The relative expression level of each gene was
normalized to Gapadhand Actb. The primers used in this study are listed in Supplementary
Table 6.

Antibodies used in this work were the following: mouse turboGFP (OTI2H8, Origene),
rabbit turboGFP (PA5-22688, ThermoFisher), rabbit Zscan4 (AB4340, EMD Millipore),
rabbit MUERVL-Gag (R1501-2, Hangzhou HuaAn Biotechnology), chicken eGFP
(ab13970, Abcam), rabbit H2AK119ub (8240, Cell Signaling), goat Rex1 (sc-50670, Santa
Cruz), goat Oct4 (sc-8628, Santa Cruz), mouse Oct4 (611203, BDBiosciences), goat Sox2
(sc-17320, Santa Cruz), rabbit Prdm14 (gift from D. Reinberg, 62, rabbit Tfap2c (sc-8977,
Santa Cruz).

Time-lapse experiments

Prior to time-lapse, cells were cultured overnight on glass-bottom laminin-coated (Sigma-
Aldrich) Ibidi micro-Insert cell culture dishes to allow the cells to attach. Image-acquisition
was carried out over the entire well with a 20x 0.75 NA Plan-Apochromat objective every 30
minutes using a Nikon Ti-E equipped with Bruker Opterra 1l multipoint confocal system for
48 hours. Images were recorded on an EMCCD camera using emission filters for turboGFP
(BP520/40), mCherry (570LP) and iRFP (655LP) mounted on a FLI filter wheel.
Spontaneously arising 2-cell-like cells were manually identified using ImageJ software and
scored based on whether they arose from a Zscan4* cell based on the intensity of mCherry
channel. This analysis was ran independently by two different people and cross-compared
for accuracy.

ATAC-seq data analysis

Previously published ATAC-seq data in ESCs, Zscan4* and 2-cell-like cells was obtained
from GEO accession GSE75751 38. Paired end reads were trimmed for adaptor sequences
using trimmomatic 0.36 and mapped to the mm10 reference genome using bowtie2 with
parameters --dovetail -X 2000 --no-discordant --no-mixed. The resulting bam files were then
filtered for non-uniquely mapping reads using samtools with a MAPQ threshold of 10 and
filtered for duplicates using Picard Tools’ MarkDuplicates. Finally, mitochondrial reads
were removed using samtools and signal tracks were generated using macs2.1.1 63 with
parameters --SPMR --nomodel --nolambda --shift -100 --extsize 200 for the combined reads
of all replicates of the same population. For the MERVL/MT2_Mm analysis in Figure 2g
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and 2h, MT2_Mm coordinates were obtained from RepeatMasker release 20140131 and
plots were generated using deepTools. For clarity, only solo-LTRs are shown in Figure 2h
but the same pattern of enrichment was also observed for full-length MERVLs. For the
differential accessibility analysis in Supplementary Figure 2h, regions of differential
accessibility between ESCs and 2-cell-like cells were called using the bdgdiff macs2
command, and plots were generated using deepTools.

Single cell RNA-seq data analysis

Single cell RNA-seq data for ESCs, Zscan4™ and 2-cell-like cells was obtained from
ArrayExpress accession E-MTAB-5058 (ref. 38). Paired end reads were trimmed for adaptor
sequences using trimmomatic 0.36 and mapped to the mm10 reference genome using STAR
2.5.3a (ref. 64). The resulting bam files were then filtered for unmapped reads and secondary
alignments using samtools. Finally, reads intersecting repetitive elements were quantified by
intersecting the RepeatMasker annotation to the aligned bam files using bedtools intersect
with the —split parameter. To classify the individual cells in a comparable manner to the
classification performed on the single cell qPCR data, uniquely-mapping read counts
mapping to the full-length Zscan4 isoforms c, d and f were summed. Note that the Zscan4
Tagman assay used for the single cell gPCR experiments cannot discriminate bertween the c,
d and f isoforms, and hence our decision to pool the read counts for these isoforms. The
following thresholds were used to classify individual cells: cells with logo(MT2_Mm, CPM
+ 1) > 12.25 were considered 2-cell-like cells; cells with log,(Zscandc/d/f, CPM + 1) > 24
were considered Zscan4-high; cells with logo(Zscandc/d/f, CPM + 1) > 12 were considered
Zscan4-mid; cells with logy(Zscan4c/d/f, CPM + 1) > 2 were considered Zscan4-low; all
remaining cells were considered ESCs. The positioning of these thresholds in the context of
the population-wide distribution of expression levels is shown in Supplementary Figure 3d.
For the heatmap shown in Figure 2g, 2313 upregulated and 951 downregulated genes were
selected based on the 2-cell-like and ESCs RNA-seq data reported in Ishiuchi et al27. The
mean expression level for each gene within each respective group of single cell
transcriptomes was taken, and the row-wise Z-score calculated. Plotting was performed
using ggplot2. The differential expression analysis in Supplementary Figure 3f was
performed using DESeq2 65 by considering each individual cell as a replicate. Changes
were considered statistically significant when p(adj.)<0.05.

ChlP-seq data analysis

ChlP-seq data for H3K4me3 (GSE74112)66, Ep400 (GSE64825)67, H2AK119ub
(GSE89949)68, Ringlb (GSE40860)69, Rybp (GSE42466)70 and Max (GSE48175)71 from
ESCs grown under serum/LIF conditions were obtained from GEO. Note that none of these
datasets were generated in the presence of 2i. Single end reads were trimmed for adaptor
sequences and low quality bases using trimmomatic 0.36 and mapped to the mm10 reference
genome using bowtie with parameters -S --best --strata -v 2 -M 1. The resulting bam files
were then filtered for non-uniquely mapping reads using samtools with a MAPQ threshold
of 10 and filtered for duplicates using Picard Tools’ MarkDuplicates. Finally, fragment size
was estimated using MaSC and sequencing-depth normalized signal tracks were generated
using macs2.1.1 using the MaSC 72estimated fragment size. Biomart was used to obtain 10
Kb-wide genomic windows centered on all TSSs of the 2313 upregulated (6829 TSSs) and
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the 951 downregulated (4189 TSSs) genes between 2-cell-like cells and ESCs as reported
27. Mappability tracks were generated using the GEM suite using a 36bp window. Heatmaps
shown on Figure 8a and ¢ were plotted using deepTools73 and custom scripts. A TSS was
considered MT2_Mm associated if an MT2_Mm copy was found within 50 Kb upstream.
For the enrichment calculation of given chromatin modifier, peaks were called using
macs2.1.1 using a g-value cutoff of 106 and peaks within 1 kb of each other were merged.
Genes with at least one of their TSSs occurring within 5 Kb of a ChlP-seq peak were
considered bound by the respective factor. Fisher’s exact tests for these overlaps were
performed using R.

ChlP-seq enrichment at MERVL and MT2_Mm

Input and treatment reads were mapped individually to the mmZ10 reference genome using
Bowtie74 (1.1.1) with the following options: “-k 201 --best —strata —m 200", allowing for up
to 200 alignments of the highest quality to be reported. MACS63 (2.1.1) “predictd -g mm”
was used to estimate the fragment size on the uniquely mapping treatment reads. Because
repetitive regions are the focus of this analysis, CSEM 75 (2.4) was used to assign multi-
mapping reads to their most likely origin. It was run with the option “—upper-bound 5007,
and the fragment size estimated above. For each multi-mapping read, only the most likely
alignment is selected. If multiple equally likely alignments exist, one is selected at random.
MACS “bdgcmp” is used to generate fold-enrichment tracks from these input and treatment
alignments. Mappability tracks were generated by splitting the mm210 genome into
overlapping reads of 36 bp length, starting at each base, and aligning them back to the
reference genome using Bowtie74 (1.1.1). A base is “mappable”, if it can be aligned to the
reference genome uniquely, “unmappable” otherwise. To avoid mappability issues, for
transposable elements (TEs) MERVL and MT2_MM enrichment P-values were calculated
using a permutation test. First, the enrichment profile was calculated as the mean of all rows
in the enrichment heatmap. Then, the maximum value of the enrichment profile emax was
recorded around windows 1kb up- and 1k downstream of the TE. A permuted set of regions
was then generated by selecting random genomic locations that maintain number, size, and
chromosome distribution of the original elements. As before, the maximum value of the
enrichment profile in the random set rmax was recorded. The permutation P-value was then
calculated as: p = emax / Zi rimax. , where i denotes the ith permutation. For every P-value,
10000 randomisations were performed. For the analysis, MERVLs were classified into
complete MERVL according to the presence of contiguous MT2_Mm LTRs within 7kb
distance with the same 5’ to 3’ orientation interspersed with an internal MERVL element as
annotated by Repeat Masker (v4.0.3). MT2_Mm LTRs without a corresponding MERLV
internal part or a nearby (<7kb) LTR pair in the same orientation were classified as solo
LTRs. Occurrences of MERLYV internal elements without matching MT2_Mm LTRs
flanking these elements were classified as internal MERVLs. The pvalues for the
enrichment for the following factors for the MERVL ChlPseq analyses are: for MAX:
0.0001, 1.0 and 0.9801 for complete MERVL, MT2_Mm and MERVL-int, respectively; for
RYBP: 0.0537, 0.9610 and 0.5597 for complete MERVL, MT2_Mm and MERVL-int,
respectively; for H2AK119ub (not shown): 0.6739, 1.0 and 1.0000 for complete MERVL,
MT2_Mm and MERVL-int, respectively.
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Statistical analyses

Statistical tests were performed minding data distribution and the number of data points
available. Details on sample sizes, in addition to the statistical tests conducted, are presented
on the corresponding figure legends. Asterisks indicate P-values below the 0.05 threshold.

Primers and Tagman assays used in this study

The list of Tagman assays is in Supplementary Table 1, and of primers used in
Supplementary Table 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zscan4d* cells exhibit an inter mediate expression profile between ESCs and 2-cell-like-

cdls.

a. Heatmap showing the changes in expression levels of the genes selected for the single cell
analysis in endogenous, p60 KD-induced and p150 KD-induced 2-cell-like-cells. Fold-
changes are calculated based on bulk RNA-seq data 27 and colour coded relative to ESCs.

b. Experimental design.
c. Violin plots showing the distribution of the expression levels of individual cells for the
indicated genes. Higher values correspond to higher expression levels and a Ct value of 0
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indicates that no amplification was detected. Median is indicated by a square. Note that
turboGFP and Spz1 possess no exon junctions and therefore their readings reflect to some
extent the genomic background.

d-e. Different viewpoints of the Principal Component Analysis of the single cell expression
dataset. Each point corresponds to a single cell, which is coloured according to the
expression level of turboGFP. PC1 separates ES and 2-cell-like-cells. Black arrows indicate
turboGFP- cells with an intermediate expression profile between that of ESCs and that of 2-
cell-like-cells.

f-g. Principal Component projection of the 93 genes used for the analysis, showing the
contribution of each gene to the first three principal components. Only the most influential
genes are labelled.

h-i. PCA as in d-e, but individual cells (dots) are colour-coded according to their levels of
Zscan4c/d/f expression. Black dots correspond to no expression.
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Figure 2. Two-cell-like cellsarise primarily from Zscan4® cells
a. Experimental design.

b. Projection of the individual expression profiles of Zscan4* cells onto the principal
components of the ES and 2-cell-like-cell dataset from Figure 1d-e. Each dot represents a
single cell and is coloured according to whether it corresponds to an ES, a Zscan4* cell or a
2-cell-like-cell as indicated.

c¢. Immunofluorescence of 2C::turboGFP and endogenous ZSCAN4. A representative
confocal single section image from 5 different cell culures is shown. Scale bar, 10 um.
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d. Quantification of the number of cells expressing ZSCAN4 protein (left), based on
immunofluorescence, and mRNA (right), based on the single cell expression analysis,
according to whether they are ES or 2-cell-like-cells. n = number of cells.

e. Design of the reporter cell line used for the time-lapse shown in Fig. 2f.

f. Time-lapse analysis of 2-cell-like and Zscan4* cells emergence. Spontaneously arising 2-
cell-like-cells were classified depending on whether they arose from a Zscan4::mCherry*
cell or not. Results shown are pooled from 11 independent cultures. Scale bar, 20 um. n =
number of cells.

g. Average ATAC-seq signal intensity over all annotated M72_Mm LTRs in ESCs, Zscan4*
and 2-cell-like-cells.

h. Heatmaps showing ATAC-seq signal intensity over 10 Kb genomic windows centred on
914 solo MT2 Mm LTRs.

i. Violin plots showing the distribution of the expression levels of individual cells for the
indicated genes. Higher values correspond to higher expression levels and a Ct value of O
indicates that no amplification was detected. Median is indicated by a square. Note that
turboGFP and Spz1 possess no exon junctions and therefore their readings reflect to some
extent the genomic background.
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Figure 3. Zscan4™ cells downregulate pluripotency factors

Probability density (10)

/ZSCAN4/!

®ESCs eZscan4’ cells

OCT4

n = 16466
p-value = 2.2e-16

OCT4

Probability density (10%)

2C::GFP

2C::tbGFP

Zscan4::tdTmt 2C::tbGFP

2C::tbGFP

2-cell-like cells

SOX2

n=94
p-value = 1e-5

Probability density
002 004 006 008 0.10

Fluorescence intensity

PRDM14

n =140
p-value = 4.7e-4

/A\\ﬂ

0

1000 2000 3000 4000 5000 600K

004

002 003

Probability density

001

50
Fluorescence intensity

TFAP2C

n=136
p-value = 2e-4

\_

Fluorescence intensity

0

20 3 40 5 60

5 0 %0
Fluorescence intensity

2
S o

PC3
(variance explained 5.13%)
3 o

|
)
]

N

3

IS

PC3
°

(variance explained 5.13%)
|
S

|
iy
S

o
S

3

PC3
°

(variance explained 5.13%)

|
=)

n
]

D

S

3

PC3
°

(variance explained 5.13%)

)
=)

n
S

r\)
-]

PC3
o

(variance explained 5.13%)

L
s

|
)
S

Expression level
(normalized Ct values)

Page 27
Oct4 Octd expression level
ESCs (normalized Ct values)
|
- 14
(4
3 13
2-cell-ike 12
cells
~20 0 20
(variance explained 32.91%)
Sox2 Sox2 expression level
ESCs (normalized Ct values)
1
o o l
(X8 " 14
OB RE
°&Re -
i
¢ 2-cellike Bo
cells I
—20 0 20
PC
(variance explained 32.91%)
Prdm14 Prdm14 expression level
ESCs (normalized Ct values)
L)
12
3. |
V)
LR ¢, %% o
L Tt
.o % ‘e r 8
o5 ®e o o0
9% 2-cell-like 6
. cells '
L 4
-20 0 20 W No expression
(variance explained 32.91%)
Ttap2c Ttap2c expression level
ESCs (normalized Ct values)
% ¢ st 0
'\u:‘° e e 928" ¢ 125
vt L e
e - o e
.,
o o . .: . a&° 10.0
o 2-cell-ike g
oo cells
2 i
20 W No expression
(variance explained 32.91%)
Rex1 Rex1 expression level
ESCs (normalized Ct values)
°
0| _@ee 5 I
% 1Y S 1
Ree o
«
% 14
'0 »
LY 2-cell-ike 5
o cells '
—20 0 20

(variance explained 32.91%)

a-e. Immunofluorescence stainings using antibodies for the indicated proteins together with
2C::tbGFP or 2C::eGFP, and Zscan4 or Zscan4::tdTomato, as indicated. The merge image
shows the DAPI (cyan), Zscan4 (red) and 2C-reporter (green) expression. Grayscale images
of the respective TF, Zscan4 and 2C-reporter channel are shown on the right. Dashed lines
contour Zscan4* and 2-cell-like-cells. Scale bars, 20 pm. n = number of independent
cultures.
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f. Quantification of the data in panels a-e. Density plots of the distribution of mean
fluorescence intensities for the indicated TF. The number of cells quantified for each graph
is indicated. P-values were calculated using the Mann-Whitney U test. n = number of cells.
0. Principal Component analysis of the single cell dataset from Figure 2b, with single cells
colour-coded according to their expression level of the indicated transcription factor. Black
dots signify no expression. As in Figure 1 and 2, PC1 separates ES from 2-cell-like-cells,
while PC3 segregates naive versus primed pluripotency.

h. Violin plots showing the distribution of the expression levels of individual cells for the
indicated genes. Higher values correspond to higher expression levels and a Ct value of 0
indicates that no amplification was detected. Median is indicated by a square.
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Figure 4. Entry into the Zscan4™ state and downregulation of pluripotency factorsisunrelated to
differentiation

a. Experimental design. Rex1M9" and Rex1!°W tdTomato cells were sorted based on their
Rex1::EGFP fluorescence and cultured for 24 hours in serum/LIF over feeders. After this
culture period, the number of Zscan4* cells was determined by FACS.

b. Phase-contrast image of Rex1M9" and Rex1!°W cells 24h after sorting. Scale bar, 10 pm. n
= number of independent cultures.
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c. Representative scatter plot from data from 4d, showing Zscan4..tdTomato and RexI-
EGFP fluorescence measurements of individual cells as assayed by FACS.

d. Quantification of the Zscan4::tdTomato* population in the Rex1M9h and the Rex1!ow
fractions as in C. Error bars indicate the s.d. of 3 independent experiments from different
cultures. * P < 0.05, paired student’s t-test.

e. Density plots of Rex1-EGFP fluorescence for the Rex1"9" and the Rex1'°" populations
after 24 h of culture under serum/LIF conditions. The entire population is indicated in blue
and Zscan4™* cells are indicated in red. Plots are representative from 3 independent cultures.
f. Experimental design. Following one week of culture under serum/LIF on feeders,
tdTomato* cells were removed and Rex1N9", Rex1!%% and Rex1- cells were replated without
LIF over gelatin for 24 hours, after which the proportion of Zscan4* cells was determined by
FACS.

g. Density plots of Rex1-EGFP fluorescence for the Rex1M9", Rex1!°W and Rex1-
populations after sorting and 24 hours after LIF withdrawal. Plots are representative from
experiments shown in 4i.

h. Scatter plots showing Zscan4::tdTomato and RexZ-EGFP fluorescence FACS
measurements of individual cells. Plots are representative from experiments shown in 4i.

i. Quantification of the data presented in H. Error bars indicate s.d. of 5 independent
experiments from different cell cultures. * P < 0.05; paired student’s t-test.
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Figure5. A chromatin modifier SIRNA screen identifiesregulators of 2-cell-like-cells emer gence
a. Schematic representation of significantly and differentially expressed genes between

individual stages of the transition from the ES to the 2-cell-like state (Supplementary Table
9). Changes were considered significant if they exhibited at least 2-fold changes across cells
between individual states and a P < 0.05 (Mann-Whitney U test).

b. Design of siRNA screen.
c. Representative inverted dynamics images for the negative (scramble siRNA cells “neg”;
n=270 wells) and positive (p150 siRNA transfected cells “p150”; n=270 wells) controls of
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the screening are shown. Nine random images from one well were combined. Scale bar, 500
pm.

d, e. Representative images of the eGFP (d) and ZSCAN4 (e) immunostaining for selected
hits from the screening are shown in inverted dynamics. Scale bar represents 500um. Images
correspond to the following siRNA in order, as indicated: 1/Snrpd3 2/Ringlb 3/Pcgf6 4/
Dmapl 5/Ep400 6/Snrpb 7/Snrpd1 8/Usp7 9/Snrpe 10/Lsm6 11/Snrpd2 12/Snrp200 13/ Rifl
14/p60 15/Sf3b1 16/Prpf8 17/Psmd14 18/Aqr 19/Snrpg 20/Gmnn 21/Dnmt3b 22/Ubl5 23/
Rad21 24/Recql5 25/Trrap 26/Ddx23 27/Cdcl5 28/Ncl.

f. Heatmap showing the effect on OCT4, ZSCAN4 and 2C::eGFP expression of the top 50
hits of the screening, ranked according to the percentage of 2-cell-like-cells induced upon
siRNA. Data are combined from the primary and the secondary validation screening, and
includes additional hits that were tested during the secondary screening. 2-cell-like-cells are
defined as cells that are positive for eGFP and ZSCAN4 but negative for OCT4
immunostaining.

0. Quantification of 2-cell-like-cells (e.g. 2C::eGFP positive, ZSCAN4 positive and OCT4
negative) induced upon siRNA of the top 50 targets (grey) from the primary and secondary
screening. The mean values + s.d. from triplicate wells are shown. Each dot corresponds to
measurements of independent wells. Negative (NT, non-transfected; and Neg, scramble
siRNA) and positive (p150) controls are shown in red.
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Figure 6. The PRC1.6 and Ep400/Tip60 complexes are inhibitors of 2-cell-like-cells emergence.
a. Protein interaction network for the validated top 49 hits from the screening.

b. RT-gPCR analysis of the indicated transcripts after the transfection of the corresponding
SiRNAs in the 2C::eGFP reporter cell line. Shown are mean values + s.d. of two technical
replicates from 4 independent cultures performed on different days.

c-d. Immunostaining of the 2C::eGFP reporter cell line with antibodies to eGFP and
ZSCANA4 (¢) or eGFP and the GAG coded by the endogenous MERVL loci (d) after
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transfection of the indicated siRNA. Images are shown in inverted dynamics. Nuclei were
counterstained with DAPI (cyan). Scale bar, 200um.

e. RT-gPCR analysis of MERVL and Zscan4 expression in the 2C::eGFP reporter cell line
after the transfection of the indicated siRNA. Shown are mean values * s.d. of two technical
replicates from 4 different cell cultures performed on different days.

f. Quantification of eGFP-positive cells (%) by FACS after transfection of the indicated
SiRNA. Mean + S.D. from independent culture measurements is shown. Each dot indicates
measurements from independent cell cultures in panels b, e and f.
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Figure 7. PRC1.6 and Ep400/Tip60 regulate 2-cell-like-cells emer gence synergistically
a. Induction of 2-cell-like-cells upon siRNA for Pcgf6, Ringlb, Ep400 or Dmpal in an

initial population of cells devoid of 2-cell-like or of Zscan4-positive cells. In control,
‘sorted’ cells, cells were passed through the FACS sorter, but Zscan4+ and 2-cell like cells
were not removed. Quantification of tbGFP-positive cells by FACS was performed 2 days
after sSiRNA transfection. Mean * s.d. of 2 different transfected wells (dots) is shown.

b. Scatter plot of the top 50 hits of the screening showing the fold change of the percentage
of ZSCAN4 and 2C::eGFP double positive cells (x-axis) and of cells positive for ZSCAN4
and negative for 2C::eGFP (y-axis). Each dot is colour-coded based on its molecular
complex. The dashed grey line indicates a 1:1 ratio.

¢. Quantification of eGFP-positive cells (%) by FACS after transfection of the indicated
single or combined siRNA. Shown are mean values + s.d. of two independent cell cultures.
d. Effect of 2i treatment on 2-cell-like-cell induction upon siRNA for Pcgf6, Ringlb, Ep400
or Dmapl1Dmpal. eGFP-positive cells (%) was quantified by FACS 48h after transfection.
Cells were grown in 2i and were either kept in 2i for the whole experiment or 2i was
removed 1 day before transfection. Mean + s.d. of the indicated number of independent cell
cultures (shown by individual dots) is shown.

e-f. Summary of the combinatorial SiRNA analyses on 2-cell-like-cells induction. Pairs of
siRNA were co-transfected in the 2C::eGFP reporter cell line and the percentage of
2C::eGFP positive cells was measured by FACS. Combinatorial additive (€) or synergistic
effects (f) were assessed.
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Figure8.

a, ¢. Heatmap of the ChIP-seq profiles (for references see Online Methods) of the indicated
chromatin modifiers or histone modifications over all TSSs of the (a) 2313 upregulated
(6829 TSSs) and the (c) 951 downregulated (4189 TSSs) genes in ESCs grown in serum/LIF
conditions. Regions of low mappability are depicted in black, occurrence of an M72_Mm
within the 50kb upstream of the respective TSS is indicated in orange; expression level in
ES and 2-cell-like-cells is shown in blue.

Nat Genet. Author manuscript; available in PMC 2018 June 18.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Rodriguez-Terrones et al. Page 37

b. Heatmap of Rybp and Max enrichment (fold-enrichment over input) in 20kb around
complete, internal, or solo LTR MERV/Ls as indicated. The mappability score for the
corresponding regions is depicted.

d. Working model for 2-cell-like-cells induction from mouse ES cell cultures based on the
siRNA screening results. Downregulation of various subunits of the PRC1.6 and Ep400/
Tip60 complexes leads to the induction of the 2-cell-like state, which is accompanied by a
global reduction of H2AK119ub levels and increased histone acetylation24,27. The precise
interplay of the two complexes as well as the extent to which these mechanisms may operate
in vivoto repress the totipotent regulatory program remains to be established.
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