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SUMMARY

A rare sub-population of mouse embryonic stem cells (mESCs), the 2-cell-like cell, is defined by the expression of MERVL and 2-cell-stage-
specific transcript (2C transcript). Here, we report that the ribosomal proteins (RPs) RPL14, RPL18, and RPL23 maintain the identity of
mESCs and regulate the expression of 2C transcripts. Disregulation of the RPs induces DUX-dependent expression of 2C transcripts and
alters the chromatin landscape. Mechanically, knockdown (KD) of RPs triggers the binding of RPL11 to MDM2, an interaction known to
prevent P53 protein degradation. Increased P53 protein upon RP KD further activates its downstream pathways, including DUX. Our
study delineates the critical roles of RPs in 2C transcript activation, ascribing a novel function to these essential proteins.

INTRODUCTION

In the course of mammalian development, a zygote un-
dergoes multiple cleavage events to form a blastocyst, tran-
sitioning via 2-cell and 4-cell intermediate stages (O’connor,
1939). During this process, blastomeres shift from a totipo-
tent to a pluripotent state with increased lineage specificity
and restrictions on potential cell fates. Derived from the in-
ner cell mass of blastocytes, mESCs are widely regarded as
pluripotent due to their capacity to give rise to all embryonic
lineages except the extraembryonic lineages (Beddington
and Robertson, 1989; Kaufman and Evans, 1981; Martin,
1981). Interestingly, a rare (~1%-2%) population of mESCs,
known as the 2-cell-like cells (2CLCs), was characterized by
traits of expanded pluripotency and a transcriptional profile
similar to the totipotent 2-cell stage in terms of the activa-
tion of endogenous retrovirus MERVL and other 2-cell-
stage-specific genes (2C genes) such as the Zscan4 family
(Eckersley-Maslin et al., 2016; Macfarlan et al., 2012; Wu
et al., 2016; Zhang et al., 2019). Activation of MERVL and
other 2C genes were shown to catalyze the transition from
mESCs to an early embryonic expanded potential state
(Yang et al., 2020), accentuating the significance of studying

their upstream regulatory mechanisms. Recent studies have
demonstrated critical roles for various epigenetic and tran-
scriptional factors in 2C activation (Eckersley-Maslin et al.,
2019; Fang et al., 2018; Gautam et al., 2017; Hendrickson
et al., 2017; Hu et al., 2020; De Iaco et al., 2017; Yan et al.,
2019; Yang et al., 2015). However, the importance of molec-
ular players in cellular metabolism in regulating 2C tran-
scripts has yet to be fully understood.

Aside from their basic role in translation as a component
of ribosomes, ribosomal proteins (RPs) are also involved in
multiple cellular physiological and pathological processes
(Kim et al., 2014; Zhou et al., 2015). Multiple studies
have revealed the accumulation of individual RPs in the
nuclear compartment via transportation from the cyto-
plasm for the assembly of ribosome precursors with
rRNA. Subsequently, it was discovered that RPs were able
to regulate gene expression through other transcription
factors or pathways, such as with c-Myc (Challagundla
et al., 2011; Dai et al., 2007; Zhou et al., 2013) and the
MDM2-P53 cascade (Bhat et al., 2004; Dai et al., 2004). Pro-
cesses such as tRNA synthesis and ribosomal biogenesis
were reported to be essential for self-renewal of ESCs and
the maintenance of pluripotency (Atlasi et al., 2020; Zhang
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Figure 1. siRNA screen reveals 2C regulatory functions of ribosomal proteins

(A) Single-cell predicted trajectory illustrates the dynamic of mESCs upon Dux overexpression at 12, 24, and 36 h. Reanalysis of data from
Fu et al. (2019).

(B) 11 stages of the predicted trajectory in (A), stages 7 and 8 were annotated as 2C-like state, stages 4-6 were intermediate states, and
the rest of the stages were normal mESCs.

(legend continued on next page)
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etal., 2020). Meanwhile, reduction of rRNA synthesis along
with 2C transcript activation was observed to be induced
by the knockdown of LINE1, Ncl (Percharde et al., 2018),
and Ythdcl (Chen et al., 2021). A recent study demon-
strated that 2C transcript activation could be achieved by
inhibiting rRNA synthesis (Yu et al., 2021). However, the
roles of RPs and their related molecular players in regu-
lating pluripotency have yet to be uncovered.

RESULT

siRNA screen of RPs reveals their 2C regulatory
functions

We reanalyzed the publicly available single-cell RNA
sequencing (RNA-seq) data of DUX overexpressed mESCs
in which cells were annotated as mESC state, intermediate
state, or 2C-like state based on clustering analysis (Fu
et al., 2019) (Figure S1A). With trajectory analysis (Gau-
tam et al.,, 2021), we classified the annotated cells into
11 different stages (Figures 1A and 1B). During the
mESC to 2CLC transition, it was observed that 2C tran-
scripts, like MT2-Mm and Zscan4, were activated, while
the expression of pluripotency factors including Sox2
and Nanog was decreased (Figure 1C). Surprisingly, RPs
were generally lowly expressed in the state prior to the en-
try into the 2CLCs from mESCs, indicating their possible
role as barriers in 2CLC transition (Figure 1D). RNAi has
been used as a powerful tool to systemically identify key
regulators in pluripotent stem cells (Loh et al., 2006;
Toh et al., 2016). Here, we performed gene perturbation
via small interfering RNA (siRNA) screening across 23
selected Rpl and Rps candidates, defined by their lower
expression in the 2-cell stage, compared with other devel-
opmental stages or in mESCs (Wu et al., 2016). Out of the
23 candidates, knockdowns (KDs) of 18 targets signifi-
cantly increase transition to 2CLCs (Figures 1E, 1F, and
S1B). We selected and validated the positive targets,
Rpl14, Rpl18, and Rpl23, and the negative target, Rpll1,
with qRT-PCR and confirmed the induction of MERVL
and key 2C genes upon KD (Figure 1G). These findings
were further echoed in experiments that performed KD
using the short hairpin RNA (shRNA) system, thereby
indicating the regulatory impact of RPs exerted on 2C
transcripts. (Figures S1C and S1D).

Rpli4, Rpl18, and Rpl23 regulate MERVL and 2C genes
To explore the functionality of RPs as 2C regulators, we per-
formed transcriptomic analysis of mESCs transfected with
siRNA targeting Rpl14, Rpl18, Rpl23, and Rpl11 (Figure S1A;
Table S2). Principal-component analysis (PCA) compared
with published datasets of DUX-induced 2CLCs (Hendrick-
son et al., 2017) and MuERVL"_ Zscan4*/Zscan4" cells (Eck-
ersley-Maslin et al., 2016) revealed that the KD of Rpl14,
Rpl18, and RpI23 induced transcriptome profiles that were
highly similar to the 2CLCs (Figure 2A), while KD of Rpl11
maintained a cellular identity proximal to 2C marker-nega-
tive cells. The expression of MERVL and its long terminal
repeat (LTR) (MT2_Mm) were observed to be significantly
elevated (Figures 2B and S2B), alongside 2-cell genes such
asthe Zscan4 family (Figures 2C and S2C), in siRpl14, siRpl18,
and siRpi23 KD but not in Rpl11 KD. Gene set enrichment
analysis (GSEA) illustrated that 2C genes were significantly
up-regulated in siRpl14, siRpl18, and siRpl23 (Figures 2D
and S2D). KD of Rpl14, Rpl18, and Rpl23 induced a large
amount of common regulated genes (Figures 2E and 2F),
implying their similar regulatory roles. Thereafter, we per-
formed assay for transposase-accessible chromatin
sequencing (ATAC-seq) on siRpl14, siRpll8, and siRpl23
KDs (Figure S2E). We identified 2,650 differently enriched
peaks (1,418 peaks enriched in siRpl14 and 1,232 peaks en-
riched in siNT) for Rpl14 KD (Figure S2F) and similar numbers
of peaks for other RPs. Consistent with the transcriptomic
expression, KD of RPs shared a considerable amount of
gained ATAC peaks (Figure 2G). Importantly, upon KD of
RPs, increased chromatin accessibility was observed at
MT2_Mm loci (Figures 2H and 2I). As expected, some key
2C genes, such as Zscan4c and Zscan4f, were enriched of
ATAC-seq signal upon RP KD (Figure 2J). Collectively, these
data revealed that the disturbance of Rpl14, Rpl18, and
Rpl23, but not Rpl11, activates the expression of MERVL
and 2C genes.

Rpl14 KD activates MERVL and 2C genes through the
RPL11-MDM2-P53-Dux axis

Hierarchical clustering analysis of RNA-seq data revealed
that the KD of Rpl14, Rpl18, and Rpl23 largely up-regulated
cluster 1 genes, which comprised genes involved in cell fate
commitment and the key 2C genes (Figures 3A and 3B;
Table S3), such as Dux and the Zscan4 family. Meanwhile,

(Cand D) Dynamics of the expression of selected genes for (C) pluripotency, 2 cell stage, and (D) ribosomal proteins (RPs) throughout the

11 stages as defined in (B).

(E) Quantification of the percentage of 2C-like cells upon knockdown of the RPs utilizing siRNA screening. Shown are mean +standard
deviation (SD). Data from three independent experiments were combined and shown.

(F) Plots of flow cytometry show the percentage of 2C-like cells upon knockdown of Rpl11, Rpl14, Rpl18, and Rpl23.

(G) gRT-PCR validates the expression of key 2C genes upon the knockdown of Rpl11, Rpl14, Rpl18, and Rp[23 utilizing the siRNA system.
Two-tailed Student’s t test. Shown are mean + SD. Data from four independent experiments were combined and shown. Zscan4: common

sequences of Zscan4 family.
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Rpl11 KD was shown to have distinct functions as it exten-
sively activated cluster 2 genes, represented by ribosome
biogenesis and RNA-splicing pathways.

We then explored in depth the mechanism of Rpl14, our
top target, in regulating the 2C-like state in mESCs. In hu-
man cancer cell lines, KD of RPs, including Rpl14, might
cause nucleolar stress and activate P53 pathways (Fujiyama
et al., 2020; Fumagalli et al.,, 2012; Horn and Vousden,
2008; Russo and Russo, 2017; Watanabe et al., 2018).
More specifically, failure of pre-ribosome assembly due to
a lack of sub-units led to increased free-floating RPL11
and RPLS, which further bound to and suppressed the
P53 inhibitor MDM2 (Russo and Russo, 2017). Hence, we
performed simultaneous KDs of both Rpl/11 and Rpli4 to
decipher their functional relationship. Intriguingly, up-
regulation of MERVL and 2C genes by Rpl14 KD was coun-
teracted by Rpl11 KD (Figures 3C, 3D, and S3A; Table S4),
confirming RPL11 as an essential downstream effector of
RPL14 in 2C regulation. Moreover, RPL11 was shown to
interact with MDM2 upon RPL14 KD by native coimmuno-
precipitation (Co-IP) (Figure 3E), an interaction previously
reported to inhibit MDM2-mediated P53 degradation (Fu-
magalli et al.,, 2012; Horn and Vousden, 2008; Sasaki
et al., 2011). Western blot and transcriptional analysis
further confirmed the downstream increase in P53 protein
expression (Figure 3F) and activation of P53 targeting path-
ways (Figure 3G). Consistently, ATAC-seq analysis indi-
cated enrichment of the P53 motif in differential enriched
peaks upon RP KD (Figure S2G). Of note, the activated P53
pathway showed a synchronous expression pattern with
2C genes, as their expressions induced by RPL14 KD were
both rescued upon RPL11 KD (Figures 3D, 3H, and S3B),
further indicating the involvement of MDM2-PS3 in
RPL11-mediated RP-induced 2C activation. This possibility
was validated as the KD of p53 rescued the Rpl14-KD-
induced increase in MERVL and 2C gene expression,
including Dux (Figure 3I). Moreover, we sorted the Rpl14
KD population into 2C-positive and 2C-negative cells us-

ing the fluorescence-activated cell sorting (FACS) machine
to investigate their gene expression profile (Figure S3C).
Together with the higher expression of MERVL and 2C
genes in the siRPL14-2C-positive cells compared with the
siRPL14-2C-negative cells, we also observed a significantly
more robust activation of P53, confirming the critical role
of P53 in mediating 2C transition (Figure S3D). Intrigu-
ingly, activated P53 was recently shown to directly bind
and promote Dux expression, thus enhancing 2C transi-
tion (Grow et al., 2021). Therefore, the 2C transition
induced by RP KD was mediated at least in part through
the activated RPL11-MDM2-P53 pathways, which conse-
quently promoted the expression of Dux and its down-
stream 2C genes.

Rpli4-based induction of 2C transcripts is Dux
dependent

DUX was reported to bind to and activate MERVL and mul-
tiple 2C genes (Hendrickson etal., 2017; Delacoetal., 2017)
and function as an indispensable mediator of multiple 2C
regulators, including P53 (Chen et al., 2021; Grow et al.,
2021; Liu et al., 2021; Percharde et al., 2018). We therefore
performed a concurrent KD of Dux and Rpl14. Both RNA-
seq and gRT-PCR showed that the up-regulation of
MERVL, Zscan4, and other 2C genes in Rpl14 KD was
rescued by the KD of Dux (Figures 4A and 4B; Table S4).
Expression of 2C genes showed statistically insignificant
differences between siNT and double KD of Rpl14 and
Dux, indicating that Dux plays a dominant downstream
role in complementing the action of Rp/14 in the induction
of the 2C program (Figures 4C and 4D). A large portion
(41%) of the siDux-rescued genes, including most of the
2C genes, were rescued by siRpl11 upon siRpl14 KD (Fig-
ure 4F), further confirming Dux as the downstream factor
of RPL11. TRIM28, the reported direct upstream regulator
of Dux (Percharde et al., 2018), emerged as another key
player when we further examined the functional mediators
between RPL14 and DUX. We compared our transcriptome

Figure 2. Loss of RPs elicits changes in the expression and chromatin accessibility of MERVL and 2C genes in mESCs

(A) PCA plot indicates the transcriptomic profile upon knockdown of selected candidates in mESCs are high in resemblance to the cells in
2C-like state with MERVL* Zscan4™, Zscan4™, and the 2C-positive populations induced by Dux overexpression for RP knockdown (KD) RNA-
seq samples. Data from three independent experiments were combined and shown.

(B and C) Volcano plot showing the (B) the differentially expressed transposable elements (green data points represent transposable
elements with p < 0.05 and |fold change| > 1.5) and (C) the differentially expressed genes (green data points present genes with p < 0.05
and |fold change|> 1.5)upon Rp(14 KD.

(D) GSEA reveals the enrichment of 2C-signature genes (Wu et al., 2016) in the transcriptome of Rpl14 KD at 48 h.

(E and F) Venn diagram representing the common (E) up- and (F) down-regulated gene in all the performed KDs of RPs.

(G) Average plot shows the ATAC-seq signal at differentially up-regulated accessible peaks upon KD of respective RP. For RP KD ATAC-seq
samples, data from two independent experiments were combined and shown.

(H) Heatmap shows the chromatin accessibility of MT2_Mm (MERVL-LTR) upon KD of respective RP.

(I) Bar plot shows the ATAC-seq signal of MT2_Mm upon KD of RPs. One-sided Wilcoxon test.

(J) Genome browser visualization illustrates the ATAC-seq signal increased at the upstream regions of the key 2C genes upon RP KDs.
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data with a publicly available RNA-seq dataset of TRIM28
(De Taco et al., 2017) with ZMYM2 (Yang et al., 2020), a re-
ported DUX downstream 2C regulator, as a control. A strong
correlation was shown between siRpl14-up-regulated and
shTrim28-up-regulated genes, which was expected since
both factors are Dux upstream regulators (Figure S4A).
Notably, a significant number of commonly regulated
genes was also observed between Trim28 KD in Dux
knockout (KO) and double KD of Rpl14 and Dux, pointing
to their possible involvement in the same regulatory
cascade (Figure S4B). Therefore, we examined TRIM28 bind-
ing on genome upon Rpl14 KD. We observed a decrease in
enrichment at Dux loci and rRNA loci following Rpl14 KD
(Figures S4C and $4D), revealing TRIM28 as one of the
downstream effectors of RPL14 induced 2C activation.

DISCUSSION

We uncovered RPs—namely RPL14, RPL18, and RPL23—as
key players involved in 2C transcripts. Our investigations
confirmed their regulatory effects on MERVL and 2C genes
at the gene expression level as well as in the maintenance of
chromatin accessibility. Moreover, our results indicated
that RP-dependent 2C regulation is primarily based on
the MDM2-P53-DUX axis mediated by RPL11 (Figure 4F).
In parallel, impaired binding of TRIM28 on Dux upon RP
KD further promoted 2C activation. From these observa-
tions, we have elucidated a novel pathway in mESCs that
connects RPs and 2C transcript activation, shedding light
on research for RP functions and expanded pluripotency
domains.

While disruption of tRNA synthesis was recently shown
to be associated with 2C activation (Chen et al., 2021; Per-
charde et al., 2018; Yu et al., 2021), our study further estab-
lishes individual RPs as crucial triggers for 2C activation.
These findings position the RPs, one of the most essential

cellular components, as upstream 2C regulators, operating
through their functional interactions with transcriptional
factors and epigenetic modifiers. Multiple stresses,
including DNA damage (Atashpaz et al., 2020), DNA repli-
cation stress (Grow et al., 2021), and splicing inhibition
(Shen et al., 2021), were reported to trigger 2C activation.
Given the sensitivity of embryos to environmental stress
and the high level of RP synthesis in early embryogenesis,
we speculate that embryos might use the described mecha-
nism here as a stress response to ensure their development.

Meanwhile, our study also illustrates the distinct role of
different RPs and their interplay in the regulatory cascade,
deepening the understanding of this fundamental protein
family. Of late, a growing volume of studies has been
focusing on the extraribosomal function of RPs and have
thus demonstrated their distinct regulatory roles in several
molecular mechanisms (Wang et al., 2015), including pro-
liferation (Kim et al., 2004; Lindstrom and Zhang, 2008;
Volarevic¢ et al., 2000); apoptosis (He and Sun, 2007; Jang
et al.,, 2004); DNA repair (Hegde et al., 2004; Kim et al.,
1995); cellular development (Anderson et al., 2007; Flygare
et al., 2005); and differentiation (Da Costa et al., 2003;
Zhan et al., 2010). Due to the abundance of regulatory in-
teractions between RPs, it is worth exploring the possible
involvement of RPs via multiple pathways in the regulation
of 2C activation and expanded pluripotency.

In particular, we show the involvement of MDM2-P53
and its downstream cascades in RP-dependent regulation
of 2C transcripts and identify RPL11 as one of the direct
mediators of this cascade. In human and mouse cells,
RPL11 was reported as one of the critical mediators be-
tween RP imbalance and stress response pathways, along
with ¢-Myc (Challagundla et al., 2011; Dai et al., 2007;
Zhou et al., 2013) and MDM2-P53 (Bhat et al., 2004;
Dai et al., 2004; Sasaki et al., 2011). Interestingly, three
out of the five RPL/RPS proteins whose KD showed no ef-
fect on 2CLC transition, namely RPL11, RPLS, and RPL7,

Figure 3. Rpl14 KD activates MERVL and 2C programs through the RPL11-MDM2-P53-Dux axis
(A) Heatmap represents the expression of pluripotent-related factors, key 2C genes, and 2C-related genes in clusters 1, 2, and 3,

respectively, upon KD of Rpl11, Rpl14, Rpl18, and Rpl23.

(B) Representative enriched GO terms of biological process of the three clusters as defined in (A). For each GO term, the ratio represents the
percentage of its contained genes that overlaps with the genes in different clusters.

(C) qRT-PCR reveals the expression of key 2C genes and respective Rpls, upon single or double KD of Rpl11 and Rpl14. Data from four
independent experiments were combined and shown. Two-tailed Student’s t test.

(D) Barplotillustrates the expression of 2C-signature genes upon single and combinatorial KD of Rp{11 and Rpl14. One-sided Wilcoxon test.
Data from three independent experiments were combined and shown.

(E) Native Co-IP analysis in mESCs reveals the robust interaction between MDM2 and RPL11 upon siRpl14 KD.

(F) Western blot analysis indicates protein expression of P53 upon siRp(14 KD.

(G) GSEA shows the enrichment of the targets for P53 in the transcriptome of Rpl14 KD.

(H) Barplot describes the expression of P53 targets upon single and combinatorial KD of Rp(11 and Rpl14. One-sided Wilcoxon test. Data

from three independent experiments were combined and shown.

(I) gRT-PCR represents the expression of key 2C genes and P53 targets upon single or double KD of Rpl14 and p53. Two-tailed Student’s
t test. Data from three independent experiments were combined and shown.
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Figure 4. Rpl14-based induction of 2C programs is Dux dependent

(A) Volcano plot of differentially expressed genes between double KD of Dux and Rpl14 compared with siRp(14. The known 2C marker
expressions were labeled out. Data from three independent experiments were combined and shown.

(B) gRT-PCR represents the gene expression of key 2C genes, MERVL, and respective ribosomal proteins upon single or combinatorial KD of
Dux and Rpl14. Two-tailed Student’s t test. Shown are mean + SD. Data from three independent experiments were combined and shown.
(C) Volcano plot of differentially expressed genes between double KD of Dux and Rpl14 compared with siNT.

(D) Bar plots reveal the expression of 2C-signature genes upon single or combinatorial KD of Rpl14 and Dux. One-sided Wilcoxon test. Data
from three independent experiments were combined and shown.

(E) Venn diagram representing the down-regulated genes in siRpl11 + siRpl14 and siDux + siRpl14 compared with siRpl14. Fisher's exact
test.

(F) Proposed model of RPs acting as regulators for 2C transcriptome. RP KD led to increased free-floating RPL11, which binds to MDM2, thus
inhibiting P53 ubiquitination and degradation. This was followed by DUX expression and 2C activation. Created with biorender.com.

were reported to bind and inhibit MDM2 as a complex
(Bhat et al., 2004; Nicolas et al., 2016; Sasaki et al., 2011; Ta-
kafuji et al., 2017). Therefore, it is highly likely that the
other two “negative” RPs we screened out, RPS5 and
RPL7A, are also a part of this essential mediating complex.

Since the mode of RPL-based 2C regulation is Dux depen-
dent, other Dux-related 2C regulators are highly likely
involved in this mode of regulation. Transcriptional factors
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were shown to be critical in cell fate transition of ESCs (Loh
et al., 2006; Mzoughi et al., 2017; Ng et al., 2008; Maury
et al.,, 2015; Wang et al., 2020). Specifically, the TRIM28-
NCL complex was identified as the top target as it is an
effector regulating both rRNA synthesis as well as 2C tran-
script expression (Percharde et al., 2018; Sun et al., 2021; Yu
etal., 2021). The confirmation of TRIM28 as a downstream
factor of RPs expands this stress response cascade. However,


http://biorender.com

further mechanistic and biochemical investigations would
be required to delineate other downstream partners and
histone modifications that might be involved in this
mode of regulation via RPs and related TRIM28 machinery.
Interestingly, decreased expression of TRNA was observed
upon Rpl14 KD (Figure S4E), indicating that dissociation
of TRIM28 could be potentially caused by the disturbance
of liquid-liquid phase separation (Yu et al., 2021). Mean-
while, LINE1 was recently shown to directly repress Dux
expression, thus also repressing MERVL, by recruiting the
TRIM28-NCL complex to establish the inhibitory histone
marker H3K9me2 (De laco et al., 2017). Intriguingly,
LINE1 was significantly up-regulated in RP KDs, indicating
a possible synergistic effect of LINE1 and RPL on the inhib-
itory function of TRIM28. Thus, our studies on the unique
roles of RPs are strongly indicative of their potential roles as
significantly powerful upstream regulators of the 2C state.

The discovery of RPs as 2C transcript regulators adds a
whole new layer of depth to the investigation of the 2C
fate. With the growing relevance of the fields of expanded
pluripotency and totipotency, these findings lay the
crucial groundwork for further investigation and delinea-
tion of 2C fate determinants while also unraveling alter-
native roles for RPs—currently a relatively unexplored
domain. Future studies could benefit from advanced plat-
forms like single-cell sequencing, which couples both
transcriptome and chromatin accessibility to provide
additional insights after RP KD, on top of bulk RNA-seq
(Xing et al., 2020a, 2020b).

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Loh Yuin Han (yhloh@imcb.a-star.edu.sg).

Materials availability

Not applicable.

Data availability

The RNA-seq and ATAC-seq data reported in this paper have been
depostied to NCBI Gene Expression Omnibus (GEO) with the
following accession number: GSE179124, GSE185232, and
GSE167177. All other data supporting the findings of this study
are available from the corresponding author on reasonable request.

Cells and cell culture

mESCs (embryonic day 14 [E14]) were cultured on a 0.1% gelatin-
coated plate with DMEM medium supplemented with 15% fetal
bovine serum (FBS); 1,000 units/mL recombinant leukaemia inhib-
itory factor (LIF); 0.1 mM 2-mercaptoethanol; 2 mM L-glutamine;
0.1 mM MEM non-essential amino acids (NEAAs); and 50 U/mL
penicillin/streptomycin. The 2C-reporter cell line was established
by transfecting 2C-EGFP reporter (Addgene plasmid #69071) into

E14 cells with Lipofectamin 2000, followed by 72 h of selection
(500 mg/mL of G418), and single cells derived clone picking.
Clones with reporter expressing were picked and cultured. All
cell lines with plasmid transfected were maintained in the medium
with the respectable antibiotic. All cultures were incubated at 37°C
in 5% CO2.

siRNA KD

siRNAs against the potential targets were diluted to a working con-
dition of 12.5 nM with the culture medium and added to E14 cell
line with Dharmafect (Horizon Discovery). For double KD of
siRpl14 with siRplll or siDux, an equal amount of siRNA
(12.5 nM for each) was used. RNA was harvested at 48 h post-
transfection.

shRNA KD

shRNA sequence-targeting Rpls were cloned into pSUPER.puro
plasmid. Two pg shRNA plasmid was transfected with Lipofecta-
min 2000 (Invitrogen) to 2 x 10° cells seeded for 24 h in a 6-well
plate. Puromycin selection (1.5 pg/mL) was applied 24 h post-
transfection. Cells were harvested 72 h post-transfection and
extracted for total RNA. The KD efficiency of the shRNAs were
quantified by qRT-PCR. The shRNA sequences used in this study
are listed in Table S1.

Chromatin IP (ChIP)

Cells knocked down with siRpl14 for 48 h were crosslinked by 1%
formaldehyde for 10 min at room temperature. ChIP was per-
formed as previously described (Warrier et al., 2022) using the
following antibody: Trim28 (Bethyl A300-274A). Inputs and IP
samples were analyzed by qPCR. Primers for this study are listed
in Table S1.

Co-IP

ESCs knocked down with siRI14 for 48 h were lysed with IPH lysis
buffer (25 mM Tris-HCI [pH 7.4], 150 mM Nacl, 1 mM EDTA, 1%
NP-40, and 5% glycerol) on ice for 30 min, followed by repeated re-
suspension with a 21G needle for 50 times. The lysate was centri-
fuged at 16,000 x g at 4°C for 25 min. The supernatant was
collected. Dynabeads protein G (Invitrogen; 50 pL per sample)
was washed twice with IPH lysis buffer and incubated with anti-
body of MDM2 (Santa Cruz #sc¢965) and immunoglobulin G
(IgG; Santa Cruz #sc2025) at room temperature for 3 h. The beads
were isolated with magnetic stand and washed three times. Each
time, the beads were resuspended in IPH lysis buffer, rotated for
5 min, and placed on the stand for 30 s. The beads were then incu-
bated with the lysate at 4°C overnight. After incubation, the beads
were again washed three times with IPH buffer and resuspended in
elution buffer (4% SDS, 40 nM DTT, 100 mM Tris). Eluted protein
was then sent for western blot analysis.

Single-cell RNA-seq data analysis

For the analysis of gene expression trends during the transition of
2CLCs, we used the public ESC and 2CLC single-cell data available
under GEO: GSM3436751, GSM3436752, GSM3436753, and
GSM3436754 (Fu et al.,, 2019). We directly used the mm10
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processed data, metadata, and cell state annotation deposited by
the authors. Trajectories and pseudotimes were computed using
Palantir (Setty et al., 2019). Briefly, diffusion components were
determined using the run_diffusion_maps function with the
parameter “n_components = 7”, and t-stochastic neighbor embed-
ding (tSNE) projection was used to visualize the data. The imputed
expression values were further scaled, and a total of 11 cells were
manually selected for data visualization.

Data resource

Previously published sequencing data that were reanalyzed here
are available in the GEO under GEO: GSE66582 (Wu et al., 2016)
(mouse embryo pre-implantation development stage RNA-seq),
GSE75751 (Eckersley-Maslin et al., 2016) (Zscan*, and Zscan™
_MuERVL* RNA-seq), GSE85627 (Hendrickson et al., 2017) (Dux
overexpression RNA-seq), GSE119819 (Yang et al., 2020) (Zmym2
KO RNA-seq), and GSE94324 (De laco et al., 2017) (Trim28 KD
and Dux KO plus Trim28 KD RNA-seq).

Statistic tests

All statistical analysis was performed with R (www.r-project.org/)
or with Prism 9.0. The statistical test used in the boxplot analysis
was by one-sided Wilcoxon test or paired-end t test. The p values
for the Venn diagram were calculated by Fisher’s exact test. Details
of the statistical test and numbers of repeat are illustrated in each
figure legend; p values <0.05 were considered statistically signifi-
cant: *p <0.05; **p < 0.01; ***p < 0.001.
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Supplemental information can be found online at https://doi.org/
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