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Abstract

During implantation, the murine embryo transitions from a
“quiet” into an active metabolic/proliferative state, which kick-
starts the growth and morphogenesis of the post-implantation
conceptus. Such transition is also required for embryonic stem
cells to be established from mouse blastocysts, but the factors
regulating this process are poorly understood. Here, we show that
Ronin plays a critical role in the process by enabling active energy
production, and the loss of Ronin results in the establishment of a
reversible quiescent state in which naive pluripotency is
promoted. In addition, Ronin fine-tunes the expression of genes
that encode ribosomal proteins and is required for proper tissue-
scale organisation of the pluripotent lineage during the transition
from blastocyst to egg cylinder stage. Thus, Ronin function is
essential for governing the metabolic capacity so that it can
support the pluripotent lineage’s high-energy demands for cell
proliferation and morphogenesis.
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Introduction

After fertilisation, the newly formed murine embryo undergoes
several rounds of cleavage divisions in which progressively smaller
cells (blastomeres) are generated while the total embryo volume
stays constant. Cell fate decisions establish the first lineages, which
self-organise by embryonic day four and a half (E4.5) into a hollow-
shaped blastocyst. The blastocyst consists of a ball of naive pluripo-
tent cells (epiblast) surrounded by two extraembryonic tissues: the
primitive endoderm (PE) and trophectoderm (TE). The TE mediates
direct contact with the maternal tissues and initiates the implanta-
tion of the embryo into the uterine wall. Within 24 h, between E4.5
and E5.5, a burst of cell proliferation transforms the blastocyst into
a post-implantation conceptus (egg cylinder) (Govindasamy et al,
2019). At the same time, the epiblast transforms from a simple ball
of cells into a polarised epithelium (Bedzhov & Zernicka-Goetz,
2014; Fan et al, 2020), where during the next days the body axes
are laid down and differentiation into somatic lineages is initiated.
The pluripotent properties of the epiblast are captured in vitro by
embryonic stem cells (ESC), which are derived from blastocyst-
stage embryos. Similar to the naive epiblast, ESC express the core
pluripotency transcription factors, namely Oct4 and Sox2, and a set
of so-called “ancillary” transcription factors (e.g. Nanog, Esrrb, Klf4,
Prdm14, Tbx3, Tfcp2l11 and NrOb1). Altogether, the core and ancil-
lary factors form a cross-regulated network, also known as the
developmental or Oct4-centric module, which buffers against pro-
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differentiation cues and stabilises the undifferentiated ESC state
(Dejosez & Zwaka, 2012; Hackett & Surani, 2014).

Other transcription factors, such as c-Myc, E2fl and Ronin
(Thap11), are involved in ESC proliferation and form the so-called
cell growth module; these factors bind to promoters of genes
involved in cell cycle regulation, metabolism and biosynthesis
(Chen et al, 2008; Dejosez et al, 2010; Dejosez & Zwaka, 2012). The
transcription factor Ronin belongs to a family of THAP (Thanatos-
associated protein) domain-containing factors that originate from
the P element transposon (Zwaka, 2008). Importantly, Ronin knock-
out (ko) embryos develop to blastocyst stage but then fail to form
an egg cylinder, indicating that Ronin plays a critical yet not fully
understood role for post-implantation embryogenesis (Dejosez et al,
2008). Thus, we sought to understand why Ronin becomes indis-
pensable upon implantation and what are the underlying cellular
mechanisms that mediate this effect.

Results
Ronin depletion induces quiescent state in ESC

Ronin ko embryos form proper blastocysts that show no signs of cell
death, but, somewhat unexpectedly, ESC cannot be directly estab-
lished from these embryos (Dejosez et al, 2008; Zwaka, 2008). To
bypass this limitation and first analyse the effects of Ronin depletion
in vitro, we used a conditional ko ESC line, where one of the Ronin
alleles is deleted and the second is flanked by loxP sites (floxed)
(Dejosez et al, 2008; Seifert et al, 2017). These cells express Cre-
ERT2 recombinase (Ronin fl/del Cre-ERT2), which enables the indu-
cible excision of the Ronin coding sequence upon treatment with 4-
hydroxytamoxifen (40HT). Thus, to delete Ronin, we supplemented
the ESC culture medium with 40HT and analysed the timing of
Ronin depletion. We found that compared to in control non-treated
cells, in treated cells Ronin becomes undetectable on the protein
level within 2 days of culture (Figs 1A and EV1A).

Next, we examined the proliferation, apoptosis and expression of
key pluripotency markers in Ronin ko ESC. Both control (Ronin fl/
del) and Ronin ko (Ronin del/del) cells established typical dome-
shaped colonies and were indistinguishable up to days 4-5 of culture.
After that, the ko cells exhibited a substantially reduced growth rate
(Fig 1B and C), which was not associated with an increase in cell
death, determined by Annexin V staining (Fig 1D). Moreover, the cell
cycle distribution was similar between control and ko cells, indicating
that Ronin ko ESC do not exhibit a block in a particular phase of the
cell cycle (Fig 1E and F). At day 4 and day 8 of culture, Ronin ko ESC

Figure 1. Ronin depletion induces quiescent state in ESC.
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expressed the pluripotency factors Oct4, Sox2 and Nanog and
displayed no signs of differentiation (Figs 1G and EV1B-D). Thus,
Ronin ko ESC gradually decrease their proliferation rate, without
losing expression of the core pluripotency transcription factor circuit.

The quiescent state in Ronin-deficient ESC is reversible

To understand whether the quiescent state in Ronin ko ESC is rever-
sible, we generated an ESC line where Ronin expression can be
dynamically modulated. We stably transfected Ronin fl/del Cre-ERT
cells with a doxycycline (Dox)-inducible FLAG-tagged Ronin
construct. After 40HT treatment, the conditional allele in these cells
was deleted, generating a del/del background. Thus, upon Dox stim-
ulation, only the expression of the ectopic Ronin-FLAG construct
(ecto-Ronin) was detectable (Fig 2A). Using this system, we exam-
ined whether Ronin ko cells can be rescued and reverted back to a
proliferative state. As expected, in the absence of Dox the cells
exhibited a lower growth rate compared to ESC continuously grown
in Dox-supplemented medium. However, a subsequent Dox stimula-
tion boosted the cell proliferation of the ecto-Ronin cells to a similar
level as the uninterrupted +Dox control (Fig 2B). Moreover, the
“rescued” cells formed teratomas upon subcutaneous injection in
mice on a diet of Dox-containing food (Fig 2C and D). The solid
tumours comprised derivatives of all three germ layers, indicating
proper differentiation potential of the donor ESC. In contrast, Ronin
del/del ESC failed to give rise to teratomas, precluding further multi-
lineage differentiation analysis (Fig 2C-E).

To test whether Ronin ko ESC have at least some potential for early
lineage differentiation, we generated embryoid bodies (EBs) and anal-
ysed the expression of anterior (Sox2) and posterior—mesodermal
(Vimentin) and definitive endoderm (Gata6 and Sox17) marker genes.
We found that Ronin ko ESC can give rise to cell populations positive
for anterior and mesodermal markers. However, in contrast to control
Ronin fl/del and Dox-treated ecto-Ronin cells, Ronin ko EBs did not
show any expression of definitive endoderm genes (Fig 2F). This indi-
cates that Ronin ko ESC can exit the naive pluripotent state and initi-
ate somatic differentiation, and the lack of definitive endoderm
makers may be an indirect effect of the slow growth rate; nonetheless,
we cannot exclude that Ronin may play a yet unknown role in the
specification or maintenance of the endoderm lineage.

Long-term depletion of Ronin reinforces the naive
pluripotency network

Next, we performed RNA-seq analysis to examine the transcriptional
response to Ronin depletion in day 4 and day 8 ko ESC (Fig 3A).

A Western blot analysis of Ronin depletion upon treatment of Ronin fl/del Cre-ERT2 cells with 40HT.

Brightfield images of Ronin fl/del and Ronin del/del ESC.

B
C Cell count of Ronin fl/del and Ronin del/del ESC. Data represent mean = SD, n = three independent experiments.
D Annexin V cell death assay of Ronin fl/del and Ronin del/del cultured for 6 days. Two-tailed unpaired Student’s t test, data represent mean + SD, n = three

independent experiments.

E FACS plot of cell cycle distribution of day 6 Ronin del/del and Ronin fl/del, determined by EdU assay.
F Quantification of the cell cycle distribution determined by EdU assay. Data represent mean =+ SD, n = three independent experiments.
G Ronin fl/del and Ronin del/del ESC stained for Ronin (left panel) or Oct4 (right panel). The nuclei are counterstained with DAPI.

Data information: Scale bars (B), 100 pm; (G), 10 um. See also Fig EV1.
Source data are available online for this figure.
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Figure 1.

First, we analysed the expression of pluripotency factors and found
gradual upregulation of naive markers such as Tfcp2l1l, Nanog and
Prdm14. At the same time, markers associated with exiting naive
pluripotency and entering into a primed state, such as Dmnt3b,

Dmnt3a and Otx2, were downregulated (Fig 3B and C).
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Tfcp2l1l was the most highly upregulated pluripotency factor in
Ronin ko ESC at culture day 8 (Fig 3B). Tfcp2ll is a major transcrip-
tion factor that promotes pluripotency downstream of the Lif/Stat3
pathway and is also required for ESC responsiveness to Lif stimula-
tion (Martello et al, 2013; Ye et al, 2013). Several other Lif/Stat3
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target genes such as Gbx2, Klf4 and Tcll were also upregulated.
Accordingly, gene set enrichment analysis (GSEA) revealed that
Ronin ko ESC had an increased expression of 116/Jak/Stat3 signal-
ling components (Figs 3D and EV2A). For instance, 116, Lif receptor
(LifR) and Cd9 tetraspanin, which stabilises the 116 receptor (gp130)
on the cell membrane (Shi et al, 2017), were upregulated in Ronin-
deficient ESC. To examine whether Ronin directly binds to the
promoters of these factors, we analysed available Ronin ChIP-seq

Kirill Salewskij et al

data (Hnisz et al, 2013) and found no enrichment on Il6/Lif
signalling-related genes (Figs 3E and EV2A). Similarly, Ronin did
not directly bind the promotors of the examined core, naive or
primed pluripotency factors (Fig 3C), in agreement with previous
reports (Dejosez et al, 2008, 2010). Altogether, this shows that
Ronin does not directly reinforce the naive pluripotency network;
instead, the reinforcement is a gradual response that builds up as
the cells’ proliferation rate decreases.
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Figure 2. The quiescent state in Ronin-deficient ESC is reversible.

EMBO reports

A Western blot analysis of ecto-Ronin expression Ronin del/del + TET-ON Ronin-FLAG ESC cultured in the presence of Dox or without Dox for 3 days. The endogenous

levels of Ronin are compared to wild-type (WT) E14 ESC.

B Average growth rate per day (k) of ecto-Ronin (Ronin del/del TET-ON Ronin-FLAG) ESC cultured continuously in the presence of Dox (+Dox); without Dox for 5
passages (—Dox) or grown without Dox for 3 passages and then switched to Dox-containing medium for another 2 passages (—Dox — > +Dox). Ordinary one-way
ANOVA, error bars represent median with interquartile range, technical replicates (+Dox, n = 13), (—Dox n = 13), (—Dox — > +Dox, n = 7) of three independent

experiments.

Tumour growth of Ronin fl/del, ecto-Ronin and Ronin del/del teratomas, n teratomas for each genotype = 3.

Haematoxylin/eosin staining of paraffin sections of Ronin fl/del and ecto-Ronin teratomas.
In vitro differentiation of Ronin fl/del, ecto-Ronin (grown in the presence of Dox) and Ronin del/del ESC.

C
D Brightfield images of teratomas derived from Ronin fl/del and ecto-Ronin ESC.
E
F

Data information: Scale bars (E), 50 um; (F), 40 um.
Source data are available online for this figure.

To gain insight into the underlying mechanism that induces a
quiescent state in Ronin ko ESC, we applied whole transcriptome
hierarchical clustering and delineated the globally upregulated (clus-
ters 1 and 2) and downregulated (clusters 3, 4 and 5) sets of genes
(Figs 3F and EV2B). Using these defined clusters, we performed a
gene ontology (GO) analysis to generally understand the associated
cellular and molecular functions of each subgroup. In clusters 1 and
2, the main GO terms included epithelial migration, adherens junc-
tion and extracellular matrix; cluster 3 was associated with GO
terms such as Rab GTP-ase binding and Rab-GEF activity (Figs 3G
and EV2C). Thus, clusters 1, 2 and 3 contained genes that are
related to epithelial morphology and intracellular trafficking, indi-
cating that loss of Ronin function may affect the tissue-scale organi-
sation of the pluripotent cells.

The genes grouped in clusters 4 and 5 were associated with
several ribosomal GO terms, such as cytosolic ribosome, preribo-
some and ribonucleoprotein complex assembly. As protein synthesis
is integral for cell homeostasis and proliferation, in the following
experiments we took a closer look at the expression of genes encod-
ing ribosomal factors and examined the net effect of Ronin depletion
on the process of translation.

Loss of Ronin tunes down the expression of genes encoding
ribosomal proteins

First, we compared the gene expression of day 8 vs. day 4 Ronin ko
ESC and found that an array of genes encoding ribosomal proteins,
such as Rpl4, Rpl21 and Rpsa, exhibited reduced expression at day
8 (Fig 4A). Accordingly, GO analysis of the downregulated genes
(day 8 vs. day 4) revealed GO terms associated with ribosomal
structure and biogenesis (Fig 4B). Thus, we examined the expres-
sion of all genes encoding cytoplasmic ribosomal proteins and found
consistent, global downregulation in Ronin ko ESC (Fig 4C).

Figure 3. Transcriptional analysis of Ronin ko ESC.

Moreover, ChIP-seq analysis revealed that Ronin binds to the
promoters of several ribosomal factors, such as Rpl18a, Rpl7, Rpl15
and Rplp2, indicating that these factors are potential direct down-
stream targets (Fig 4C and D).

To generally understand the cellular function of the genes
directly bound by Ronin, we applied GO enrichment analysis to the
ChIP-seq dataset. In addition to the GO terms ribonucleoprotein
complex biogenesis and structural constituent of ribosomes, another
top GO term was mitochondrial protein complex (Fig 4E). There-
fore, we examined the expression of all genes encoding mitochon-
drial ribosomal proteins and found overall downregulation of these
factors in Ronin ko ESC (Fig EV3A and B).

To understand the extent to which the downregulation of genes
encoding ribosomal proteins affects the protein biosynthesis in
Ronin ko ESC, we performed an OP-puro (O-propargyl-puromycin)
assay. OP-puro integrates into nascent polypeptide chains, and after
that, the incorporated OP-puro is detected via a click-chemistry reac-
tion with fluorescently tagged azide (Liu et al, 2012). Using this
assay, we analysed the nascent protein production in control (Ronin
fl/del), Dox-treated ecto-Ronin and Ronin ko (day 4 and day 8)
cells. We found no significant decrease in the OP-puro signal in
Ronin-deficient cells compared to control ESC (Fig 4F and G). Thus,
although the loss of Ronin tunes down the expression of genes
encoding ribosomal proteins, the net effect of Ronin loss on the
protein biosynthesis cannot account for the decelerated proliferation
of Ronin ko ESC.

Ronin function is required for proper mitochondrial cristae
formation and function

The ChIP-seq GO analysis also revealed that Ronin directly binds to
genes involved in the structure of the mitochondria and the organi-
sation of the inner mitochondrial membrane (Fig 4E). The inner

A Principal component analysis (PCA) of Ronin fl/del, Ronin del/del (day 4) and Ronin del/del (day 8) transcriptomes; n = 3 independent RNA-seq datasets for each

condition.

@

primed pluripotency markers.

Expression and binding of Ronin to 116/Lif signalling-related genes.

O M m g0

© 2021 The Authors

Expression and binding of Ronin to core, naive and primed pluripotency markers.
Gene set enrichment analysis (GSEA) plot of |16/Jak/Stat3 signalling, day 8 Ronin ko ESC.

Volcano plot of gene expression in Ronin del/del day 4 vs. Ronin fl/del (left panel) and Ronin del/del day 8 vs. Ronin fl/del ESC (right panel) with annotated naive and

K-means clustering of 5 major groups of genes in Ronin fl/del, Ronin del/del (day 4) and Ronin del/del (day 8) transcriptomes.
Gene ontology (GO) enrichment analysis of the predefined gene clusters—molecular function (left panel) and cellular component (right panel). See also Fig EV2.
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membrane forms invaginations (cristae), increasing its surface area,
and hosts the electron transport chain (ETC) and ATP synthase,
which generate adenosine triphosphate (ATP) via oxidative phos-
phorylation (Mishra & Chan, 2014). We found that Ronin binding is
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enriched on promoters of genes encoding critical structural proteins
of the inner membrane such as Opal and Letm1 (Tamai et al, 2008;
Mishra & Chan, 2014) as well as factors regulating cristae formation,
such as Tmeml1l and Adckl (Rival et al, 2011) (Fig SA and B).
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Figure 4. Ronin tunes the expression of genes encoding ribosomal proteins.

Volcano plot of gene expression in Ronin del/del day 8 vs. Ronin del/del day 4 ESC.

GO enrichment analysis of Ronin del/del day 8 vs. Ronin del/del day 4 downregulated genes. BP, biological process; CC, cellular component; MF, molecular function.
Expression and binding of Ronin to genes encoding cytoplasmic ribosomal proteins.

Binding of Ronin to the promoters of genes encoding cytoplasmic ribosomal proteins.

GO enrichment analysis of genes that are directly bound by Ronin. BP, biological process; CC, cellular component; MF, molecular function.

Analysis of nascent protein synthesis using OP-puro assay. Ronin fl/del cells treated with protein synthesis inhibitor (cycloheximide) are used as negative control. The

mm g W >

nuclei are counterstained with DAPI.

G Quantification of the OP-puro signal, normalised to DAPI. Ordinary one-way ANOVA data represent mean + SD; n = three independent experiments for each

genotype.
Data information: Scale bar (F), 15 um. See also Fig EV3.

Moreover, Ronin depletion resulted in the downregulation of these
factors (Fig 5A), which can lead to structural changes in the mito-
chondria, alterations in the function of the ETC and a reduction in
energy production.

To test this hypothesis, first we performed ultrastructural analy-
sis of the mitochondria in control and Ronin ko ESC using transmis-
sion electron microscopy. We found a gradual loss of cristae in day
4 and day 8 Ronin ko ESC (Fig 5C), resembling the previously
described effects of Letml or Adckl knock down in HeLa cells
(Tamai et al, 2008; Yoon et al, 2019).

Next, we analysed the mitochondrial transmembrane potential
(A¥,) using the tetramethyl-rhodamine ethyl ester (TMRE) assay,
which provides information about the general health status of mito-
chondria (Crowley et al, 2016). We found that the TMRE signal
intensity was reduced in Ronin ko cells (Fig 5D and E). As the
energy required for ATP production is derived from the A¥
(Mitchell, 1961), this suggests that Ronin ko cells exhibit a
decreased energy availability for ATP synthesis.

To examine the oxygen consumption rate (OCR), we used an
automatic flux analyser (Seahorse/Agilent) and conducted a mito-
chondrial stress test assay. This assay measures the OCR before and
after applying inhibitors of different ETC components, thereby
providing an assessment of multiple mitochondrial respiration
parameters. We found that the proton leak, which indicates the
remaining respiration not coupled to ATP synthesis, was reduced in
Ronin-deficient cells (Fig 5F and G). In addition, we found that the
basal and maximal respiration, as well as the ATP-linked respiration
and the non-mitochondrial oxygen consumption, were substantially
decreased Ronin ko ESC (Fig SF and G). Taken together, the
reduced level of all measured parameters indicates that the loss of
cristae in Ronin ko ESC globally affects the ETC complexes, result-
ing in a general reduction of the mitochondrial ATP production rate
and energy efficiency.

Figure 5. Ronin controls mitochondrial cristae formation and function.

Ronin governs metabolic competency of post-implantation
growth and morphogenesis

Next, we examined the expression of Ronin and the structure of the
mitochondria in blastocyst- and egg cylinder-stage embryos. We
also analysed diapause blastocysts, as diapause embryos reside in a
natural, in vivo state of metabolic dormancy (Fenelon et al, 2014;
Fan et al, 2020). We found nuclear expression of Ronin in all of the
examined developmental stages (Fig 6A). In addition, we analysed
an available RNA-seq dataset of the pluripotent lineage in E4.5,
diapause and E5.5 embryos (Boroviak et al, 2015) and found that
Ronin is transcriptionally upregulated in the post-implantation
epiblast (Fig EV4).

The ultrastructural analysis revealed that the post-implantation
epiblast contains elongated mitochondria with well-established
cristae (Fig 6B). The morphology of the E5.5 mitochondria indicates
progressive maturation, which coincides with the greater amount of
energy required for supporting the extensive cell proliferation of the
post-implantation epiblast. In contrast, the mitochondria in the
pluripotent lineage of the E4.5 and dormant blastocysts were
smaller, round and had a low density of cristae, in line with previ-
ous reports (Fu et al, 2014; Lima et al, 2018) (Fig 6B). As embryo
growth and mitochondrial maturation kick-start after implantation,
this suggests that Ronin deficiency can be tolerated up to the blasto-
cyst stage and potentially during diapause. However, Ronin function
is supposedly indispensable for proper post-implantation develop-
ment and most likely for reactivating embryo growth upon exiting
diapause.

To test this hypothesis, we carried out a set of experiments exam-
ining the role of Ronin in vivo. As Ronin ko embryos do not develop
beyond the blastocyst stage (Dejosez et al, 2008), we generated
embryo / ESC chimeras. This approach allowed us to analyse Ronin
loss of function in the context of the epiblast and, at the same time,

A Expression and binding of Ronin to structural and regulatory factors of the mitochondrial cristae.

Binding of Ronin to the promoters of mitochondrial cristae genes.

m o O ®

experiments.

Transmission electron microscopy analysis of mitochondrial structure in Ronin fl/del and Ronin del/del ESC. Mitochondria analysed, n > 150 for each condition.
Flow cytometry analysis of Ronin fl/del and Ronin del/del stained for MitoTracker and TMRE.
Quantification of the TMRE signal determined by the flow cytometry analysis. Ordinary one-way ANOVA, data represent mean + SEM, n = three independent

F OCR measurement using the Seahorse mitochondrial stress test assay. FCCP, Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; Rot, Rotenone; AA, Antimycin,

data represent the mean of 2 independent experiments.

G Quantification of the OCR analysis. Kruskal-Wallis test, bar graphs represent the mean, n = 16 technical replicates per genotype from 2 independent experiments.

Data information: Scale bars (C), 1 pum.
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enabled post-implantation embryogenesis. We incorporated fluores-
cently labelled Ronin ko ESC at day 4 or control (Ronin fl/del) ESC
into 8-cell stage morulae (Fig 7A). At the late blastocyst stage, we
quantified the number of donor cells, marked by Histone-H2B:
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tdTomato expression, and found no substantial difference between
the two groups (Fig 7C and D).

To test whether Ronin ko cells can be maintained in the epiblast
during embryo dormancy, we transferred the chimeric blastocysts
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Figure 6. Expression of Ronin and mitochondrial morphology in early embryos.

A Blastocyst (E4.5) and diapause embryos stained for Ronin, Sox2 and Sox17. Egg cylinder-stage (E5.5) embryo stained for Ronin and Sox17. Nuclei are counterstained
with DAPI.

B Transmission electron microscopy analysis of mitochondrial morphology in the epiblast of E4.5, diapause and E5.5 embryo. Mitochondria analysed, E4.5 (n
mitochondria = 55), diapause (n mitochondria = 62), E5.5 (n mitochondria = 65).

Data information: Scale bar (A), 20 pum; (B), 500 um. See also Fig EV4.

Figure 7. Ronin function is essential for the post-implantation growth and morphogenesis of the embryonic lineage.

A Schematic representation of the generation of chimeric embryos.

B Schematic representation of the induction of diapause and reactivation of chimeric embryos.

C E4S5 chimeric embryos stained for tdTomato and DAPI.

D Quantification of donor cells’ contribution in E4.5 blastocysts, Mann—Whitney test, data represent mean =+ SD; Ronin fl/del n embryos = 26, Ronin del/del n

embryos = 27.

Diapause embryos stained for tdTomato and DAPI.

F  Quantification of donor cells’ contribution in diapause embryos, unpaired Student’s t test, data represent mean + SD, Ronin fl/del n embryos = 4, Ronin del/del n
embryos = 12.

G E5.S5 chimeric embryos stained for tdTomato and DAPI.

H Quantification of donor cells’ contribution in E5.5 embryos, unpaired Student’s t test, data represent mean =& SD, Ronin fl/del n embryos = 21, Ronin del/del n
embryos = 15.

| Reactivated E5.5 chimeric embryos stained for tdTomato and DAPI.

m

] Quantification of donor cells’ contribution in reactivated E5.5 embryos, Mann—-Whitney test, data represent mean =+ SD, Ronin fl/del n embryos = 17, Ronin del/del n
embryos = 12.

K E7.5 chimeric embryos stained for tdTomato and DAPI.

L Quantification of donor cells’ contribution in E7.5 embryos, data represent mean + SD, Ronin fl/del n embryos = 14, Ronin del/del n embryos = 8.

M E5.5 chimeric embryos stained for Podocalyxin, tdTomato, E-cad and DAPI.

N Ronin fl/del and Ronin del/del (day 4) cells grown in 3D culture conditions for 48 h and stained for apical polarity markers — Podocalyxin and Par6, as well as

Phalloidin, E-cad and tdTomato.
O Quantification of Par6-positive and Par6-negative ESC clumps of Ronin fl/del (n = 44) and Ronin del/del (n = 13) cells grown in 3D culture conditions for 48 h.

Data information: Scale bars, (C), (E), (G), (1), 25 pm; (K), 200 pm; (M), 20 um; (N), 10 um.
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into foster mothers and induced diapause via ovariectomy (Fig 7B).
Again, we found a similar number of both Ronin ko and control
donor cells in the dormant epiblast (Fig 7E and F).

Next, we examined the contribution of Ronin ko cells to the post-
implantation epiblast. We found that at ES.5 and later at E7.5, the
control Ronin fl/del cells progressively expanded, whereas the
proliferation of Ronin ko cells was severely impeded (Fig 7G and H,
and K and L). Similarly, upon exit of diapause the control cells
exhibited rapid proliferation in the reactivated embryos, whereas
Ronin ko cells appeared quiescent (Fig 7I and J). Altogether, this
indicates that Ronin plays a critical role in the growth of the post-
implantation epiblast as well as for the re-entry of the pluripotent
lineage into the proliferative state upon exiting embryo dormancy.

Finally, we analysed the organisation of the Ronin ko cells in the
context of the post-implantation epiblast. The control Ronin fl/del
cells formed polarised pseudostratified epithelium, surrounding the
central proamniotic cavity, whereas the Ronin ko cells failed to
establish epithelial polarity (Fig 7M). To independently validate
these observations, we used a previously established 3D culture
model of epiblast morphogenesis, where ESC grown into a hydrogel
of extracellular matrix proteins (matrigel) undergo de novo epithe-
lialisation and lumenogenesis in vitro (Bedzhov & Zernicka-Goetz,
2014; Fan et al, 2020). We found that control cells grown in 3D
culture conditions efficiently established a Podocalyxin/Par6-
positive apical domain and central lumen, whereas Ronin ko cells
remained unorganised (Fig 7N and O). Thus, Ronin ko cells exhib-
ited impaired morphogenesis, which could be the net effect of having
an inadequate energy supply for tissue remodelling and potential
dysregulation of epithelial factors, as suggested by the RNA-seq data.

Taken together, these analyses show that embryos depend on
Ronin function at the time of mitochondrial maturation, during the
accelerated growth of the post-implantation epiblast. Thus, Ronin is
dispensable for the development of the pluripotent lineage during
the pre-implantation embryogenesis, but it is critical for providing
enough metabolic capacity for the post-implantation epiblast, which
has high-energy demands for cell proliferation and morphogenesis.

Discussion

During the development from the zygote to the blastocyst stage,
progressively smaller blastomeres are generated via cleavage divi-
sions, while the total amount of mitochondria in the embryo remain
constant. Thus, the number of mitochondria per cell halves with
each division (Cree et al, 2008). In addition to the continuous reduc-
tion in number, the mitochondria in the pre-implantation embryo
are immature, resulting in low oxygen consumption and reduced
ATP production (Quinn & Wales, 1971; Lima et al, 2018); thus, the
cleavage embryos are referred as metabolically “quiet” (Leese,
2012). The metabolic rate further slows down and the embryos
become quiescent during diapause (Fenelon et al, 2014; Fu et al,
2014), a reversible state of biosynthetic/metabolic dormancy that is
induced as an adaptive response to environmental factors via
suppression of oestrogen production. During diapause, development
arrests at the blastocyst stage, but any time there is a peak of oestro-
gen, including exogenously provided, embryogenesis can be reacti-
vated, triggering an exit from dormancy and the initiation of
implantation (Fenelon et al, 2014; Fan et al, 2020).
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During implantation, the blastocyst adheres and invades the uter-
ine wall, establishing the first direct contact with the mother. In
turn, the maternal tissues engulf the embryo, which quickly trans-
forms into a post-implantation conceptus (egg cylinder). This transi-
tion is mediated by a burst of cell proliferation and extensive
reorganisation in the tissue architecture of the developing embryo
(Govindasamy et al, 2019). The gradual acceleration of cell prolifer-
ation after implantation has been first described by M. Snow, who
examined histologically the cells numbers in the murine embryos
between E4.5 and E7.5 (Snow, 1977). Accordingly, our ultrastruc-
tural analysis of the E5.5 epiblast revealed progressive mitochon-
drial maturation, coinciding with the initiation of embryo growth.
Although the low cell number precludes lineage-specific analysis of
metabolic signatures in vivo, the mitochondrial maturation in the
post-implantation epiblast is most likely necessary to boost the ATP
production in order to meet the energy demand of cell proliferation.
Moreover, it is plausible that an adequate energy supply is also
required to fuel cellular processes that mediate the morphogenesis
of the pluripotent lineage, such as ion pump activity, vesicle trans-
port and the synthesis of new building blocks.

Although ESC are derived from the epiblast of “quiet” pre-
implantation embryos, they display rapid proliferation, generating
biomass in a form of dome-shaped colonies. This in vitro adaptation
essentially enables the establishment of ESC lines, which can self-
renew potentially indefinitely. In contrast to the pre-implantation
epiblasts, ESC are metabolically active and exhibit high oxygen
consumption through mitochondrial respiration (Houghton, 2006;
Zhang et al, 2018). This suggests that a transition from a “quiet” to
an active metabolic/proliferative state is a prerequisite for ESC lines
derivation from blastocyst-stage embryos (Fig 8). It is plausible that
the absence of Ronin hinders this transition, which would explain
why it is not possible to establish ESC from Ronin ko embryos. In
line with this notion, we found that conditional deletion of Ronin in
ESC results in a gradual loss of cristae, reduced mitochondrial respi-
ration and entry into a quiescent state.

In vivo, Ronin function becomes indispensable only when the
pluripotent lineage enters into an active metabolic/proliferative state
following implantation. Ronin ko cells appeared quiescent in the
context of the post-implantation embryo and also failed to establish
proper polarised epithelium at ES5.5. This indicates that Ronin is
essential for governing the adequate metabolic capacity needed to
support the cell proliferation and morphogenesis of the post-
implantation epiblast (Fig 8). The impaired morphogenesis of Ronin
ko cells could be a pleiotropic effect of insufficient energy produc-
tion and the potential dysregulation of factors, such as Rab GTPases,
which are integral for membrane trafficking (Hutagalung & Novick,
2011). Although we could detect a few Ronin ko cells even later, at
E7.5, their small contribution was not enough to indicate whether
these cells preferentially reside in a certain region (anterior/poste-
rior) of the epiblast. In addition to the proliferation defect, it is
possible that the donor Ronin ko cells are outcompeted by the cells
of the host embryo, as a recent study showed that the so-called loser
cells, which exhibit mitochondrial dysfunction, are eliminated in the
post-implantation epiblast (preprint: Lima et al, 2020).

Although we could not fully examine the developmental capac-
ity of Ronin ko ESC in the post-implantation embryo, these cells
exhibited a limited potential for early lineage differentiation
in vitro. A previous analysis using a Ronin-lacZ reporter showed a
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Figure 8. Ronin function during pre- to post-implantation transition and establishment of ESC lines.

Ronin is dispensable for the development of the pluripotent lineage during the “quiet” pre-implantation embryogenesis, but it is critical for exit of embryo dormancy and
for providing enough metabolic capacity for the post-implantation epiblast to support cell proliferation and morphogenesis.

complex expression pattern in the developing conceptus: Ronin
expression was found in the cardiac crescent at E7.5-E8.25 and in
the heart, thalamus, branchial arched and posterior neuropore at
E9.5. Ronin depletion in the embryonic heart resulted in a
decrease of proliferating cells without significant activation of
apoptosis (Fujita et al, 2017). Similarly, Ronin function was
required for proliferation of the retinal progenitor cells (RPC). In
both the RPC and the developing heart, Ronin binds and regulates
genes associated with energy metabolism and biosynthesis (Poche
et al, 2016; Fujita et al, 2017). The critical targets of Ronin in the
RPC are ETC complexes I, III and IV, and loss of Ronin in these
cells resulted in G1- to S-phase arrest and excessive neurogenic dif-
ferentiation (Poche et al, 2016). In contrast, Ronin ko ESC in our
study exhibited slow progression through the cell cycle, without
preferential accumulation in a particular phase. Moreover, the
establishment of a quiescent state in Ronin ko ESC promoted the
expression of naive pluripotency genes and tuned down the
expression of primed markers. In the light of these observations, it
would be interesting to determine whether Ronin expression is
silenced in slowly cycling/quiescent adult stem cells and poten-
tially upregulated in transiently amplifying progenitors. This would
point to a common principle, in which slow progression through
the cell cycle increases a cell’s responsiveness to the signalling that
maintains the stem cell state and, at the same time, buffers the
influence of internal and external pro-differentiation cues.

Materials and Methods
Mice and embryos

Animal experiments and husbandry were performed according to
the German Animal Welfare guidelines and approved by the

© 2021 The Authors

Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen (State Agency for Nature, Environment and Consumer
Protection of North Rhine-Westphalia). The mice used in this study
were at the age from 6 weeks to 5 months. The animals were
maintained under a 14-h light/10-h dark cycle with free access to
food and water. Female mice were housed in groups of up to 4 per
cage, and male stud mice were housed individually. Embryos for
experiments were obtained from wild-type B6C3F1 and CD1
strains. E2.5 embryos were collected in M2 medium (Sigma), and
after removal of Zona pellucida via Tyrode’s solution (Sigma), the
morulae were aggregated with fluorescently labelled ESC. The
chimeric embryos were cultured in KSOM medium (Millipore) and
then analysed or transferred into pseudopregnant females.
Diapause was induced via ovariectomy. The pregnancy during
diapause was maintained by a daily injection of 3 mg medroxypro-
gesterone 17-acetate. Reactivation of embryos was induced by
injection of 25 ng B-estradiol.

Cell lines

ESC were maintained on mitotically inactivated DR-4 feeders in
DMEM medium supplemented with 15% FBS, 2 mM r-glutamine,
1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 50U/ml
penicillin-streptomycin, 0.1 mM 2-mercaptoethnal and 4 ng/ml Lif
(prepared in house) at 37°C and 5% CO, atmosphere in air. Cre/
loxP recombination in Ronin fl/del Cre-ERT2 ESC was induced using
500 nM 40HT. The Ronin-FLAG transgene was cloned into the
pIB12-PB-hCMV1-cHA-IRES-Venus plasmid, which contains tetracy-
cline response elements and co-transfected with transposase (pIB1-
PyCAG-PBase) and tetracycline-controlled transactivator (pIB11-PB-
CAG-rtTAM2-IRES-Neo) plasmids, followed by selection with G418
(300 pg/ml). Tet-on transgene expression of ecto-Ronin was stimu-
lated using 1 pg/ml of Dox.
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3D cell culture

Ronin fl/del or day 4 Ronin del/del ESC were dissociated using
0.05%  Trypsin-EDTA, pelleted by centrifugation (5 min/
1,000 rpm), then washed with PBS and re-pelleted. After that, the
cells were resuspended in Matrigel (Corning, 356231; 2,000 cells per
1 pl of Matrigel), and 20 pl of the cell suspension was plated per
single well of an 8-well ibidi p-plate. To solidify the hydrogel, the
plate was incubated for 2-3 min at 37°C. The wells were filled with
N2B27 medium supplemented with 12 ng/ml Fgf2, 20 ng/ml
Activin A and1% KSR, and the cells were cultured for 48 h at 37°C
and 5% CO, atmosphere in air.

Western blot

The cells were lysed using buffer containing 10 mM Tris-HCl pH
7.6, 150 mM NaCl, 2 mM MgCl,, 2 mM EDTA, 0.1% Triton X-100,
10% Glycerol and 1x protease inhibitor cocktail (cOmplete
ULTRA). The lysate was incubated for 20 min on ice, and the
protein concentration was determined using the BCA assay. The
proteins were loaded into PAA gel and transferred to PVDF
membrane followed by blocking in 5% dry milk in PBST for
30 min. The membrane was incubated with primary antibodies at
4°C, overnight. On the next day, the membrane was washed with
PBST and incubated with secondary antibodies conjugated to HRP
for 2 h. The proteins were detected using ECL Plus and exposed to
autoradiography films.

Immunofluorescence

Cells or embryos were fixed with 4% PFA and then permeabilised
with 0.3% Triton for 10 min. Primary antibodies were applied in
blocking buffer of 2% FCS in PBS for 24 h at 4°C. On the next
day, the samples were washed using 1% FCS in PBS and incu-
bated in secondary antibody solution for another 24 h at 4°C. ESC
were directly imaged in the ibidi p-plates, whereas embryos were
mounted on glass-bottom plates, in drops of 1% FCS/PBS under
mineral oil. Primary antibodies and dilutions: Mouse anti-Ronin
(BD Pharmingen, 562548, 1:200), Mouse anti-Nanog (Cell signal-
ling technology, 8822, 1:300), Goat anti-Sox17 (R&D systems,
AF1924, 1:300), Mouse anti-Oct4 (Cell signalling technology,
83932, 1:300), Mouse anti-Pard6B1 (Santa Cruz Biotechnology, sc-
166405, 1:300), Rabbit monoclonal anti-Sox2 (Cell signalling tech-
nology, 23064, 1:300), Mouse anti-E-Cadherin (BD Biosciences,
610182, 1:300), Rat anti-Podocalyxin (R&D systems, MAB1556,
1:300), Rabbit anti-RFP (Rockland Immunochemicals, Inc. 600-401-
379, 1:200), Rabbit anti-Gata6 (Cell Signaling Technology, 5851,
1:200), Rabbit anti-Vimentin (Cell Signaling Technology, 5741,
1:200). Secondary antibodies and dilutions: Alexa 594 donkey
Anti-Rabbit IgG (H + L) (1:200), Alexa 488 donkey Anti-Rabbit IgG
(H+ L) (1:200), Alexa 488 donkey Anti-Mouse IgG (H + L)
(1:200), Alexa 647 donkey Anti-Rat I1gG (H + L) (1:200), Alexa 647
donkey Anti-mouse IgG (H + L) (1:200), Alexa 647 donkey Anti-
Goat IgG (H+ L) (1:200), Alexa 488 donkey Anti-Rabbit IgG
(H+ L) (1:200). F-actin was stained using Alexa Fluor 647
Phalloidin. Images were acquired using Leica SP5, Leica SP8 and
Zeiss LSM780 confocal microscopes and analysed using Fiji and
Imaris software.
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Generation of teratomas and immunohistochemistry

Scid mice were injected subcutaneously with a 100 ul suspension
containing 5 million ESC in PBS. Solid tumours were isolated and
fixed at 4°C overnight in 4% PFA/PBS. The samples were dehy-
drated in an ethanol series (30%, 50%, 70% and 100% in PBS) for
2 h each, followed by two 10-min incubations in 100% xylene, and
then transferred to paraffin. Samples embedded into paraffin blocks
were sectioned at 7 pm using an HM355S microtome (Thermo).
Haematoxylin/eosin staining was carried out as described previ-
ously (Stemmler & Bedzhov, 2010).

In vitro differentiation of ESC

The in vitro differentiation of ESC using the EB assay was carried
out as previously described (Bedzhov et al, 2013). Briefly, ESC were
trypsinised and suspended in DMEM medium supplemented with
20% FCS, 10 U/ml Pen/Strep and 0.15 mM B-mercaptoethanol.
Drops of 30 pL suspension, containing approximately 300 cells,
were placed on the under-surface of a lid, and simple EBs were
formed after 2 days of culture. The simple EBs were then transferred
into non-adhesive plates and cultured in suspension for 3 days.
After that, the EBs were transferred in tissue culture plates, where
they attached and the cells spread out during the next 7 days.

Fluorescence-activated cell sorting (FACS)

Cells were dissociated using trypsin and transferred into PBS supple-
mented with 3% FCS. FACSAria IIu sorter (BD biosciences) was
used for sorting and analysis. Cell cycle analysis using EdU assay
(Thermo) and cell death analysis using Annexin V assay (Thermo)
were performed according the manufacturer’s instructions. Flowjo
software (TreeStar) was used for data analysis.

OP-puro assay

The OP-puro assay (Abcam, ab239725) was carried out following
the manufacturer’s instructions.

TMRE assay

The cells were stained with 400 nM MitoTracker Green FM
(Thermo) for 30 min and then washed two times with PBS and one
time with ESC culture medium. After that, the cells were stained
with 14 nM TMRE (AAT Bioquest) for 30 min, washed once with
PBS and trypsinised. The cell pellet was resuspended in FACS buffer
(3% FCS in PBS) prior to FACS analysis for MitoTracker Green FM
and TMRE signal.

Mitochondrial stress test assay

The OCR of Ronin fl/del and Ronin del/del ESC was measured with
the Seahorse XFe96 Extracellular Flux Analyzer. The cells were
seeded on gelatine-coated 96-well XF cell culture microplates 24 h
prior to analysis. Fresh medium was supplied before starting the
OCR analysis. The assay was carried out according to the manufac-
turer’s instructions using 0.5 puM Oligomycin, 1 uM FCCP and
0.5 uM Rotenone/Antimycin A. After the OCR measurement, the
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cell number per well was determined by labelling the nuclei with
2 pg/ml Hoechst 33342.

Electron microscopy

The samples (ESC and embryos) were initially fixed with 2% PFA,
2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. After that,
specimens were post-fixed in 1% osmium tetroxide, 1.5% potas-
sium ferrocyanide in 0.1 M cacodylate buffer, followed by stepwise
dehydration in ethanol, including 0.5% uranyl acetate en bloc stain-
ing in 70% ethanol. Final dehydration was performed in propy-
lenoxide, and samples were further embedded in epon. Ultrathin
sections of 60 nm were cut using ultramicrotome (UC6, Leica),
collected on copper grids, counterstained with lead and examined
on a Tecnai-12 transmission electron microscope at 80 kV (Thermo
Fisher Scientific). Representative areas were imaged on a 2K CCD
camera (Veleta, EMSIS).

RNA-seq analysis

Transcript expression from RNA-seq was quantified using Salmon
(version 1.2.1) with parameters "--seqBias" using a transcriptome
index created from Mus musculus genome version GRCm38
(Ensembl release 99). Transcript quantifications were imported into
R and associated with genes using the tximport package (version
1.14.2). Differential expression analysis was performed using
DESeq2 (version 1.26.0). Genes were considered significantly dif-
ferentially expressed between two conditions if the comparison had
an adjusted P-value < 0.05.

The variance stabilising transformation was applied to data for
the purposes of visualisation using PCA or heatmaps. PCA was
performed using the "prcomp" R function on the top 500 most vari-
able genes across all samples. For gene expression clustering, we
considered genes that were significantly differentially expressed in
at least one comparison. Gene expression matrices were trans-
formed to row Z-scores and clustered using k-means clustering
using the "kmeans" R function. The appropriate number of clusters
was assessed using the elbow method.

Gene Ontology enrichment analysis was carried out using the
"compareCluster” or “enrichGO” function from the clusterProfiler
package (version 3.14.3) with a g-value threshold of 0.1. Results
were simplified to remove highly similar GO terms based on seman-
tic similarity using the "simplify" function with the Wang method
and a similarity threshold of 0.7 (GOSemSim version 2.12.1).

Gene set enrichment analysis was performed using the fgsea
package (version 1.12.0) on the Hallmark and Biocarta gene sets
from MSigDB (version 7.1), with genes ranked by the test statistic
from DESeq2.

RNA-seq data analysis and visualisation were carried out using R
(version 3.6.3). The ggplot2 (version 3.3.2) and ComplexHeatmap
(version 2.2.0) R packages were used for data visualisation, and the
dplyr (version 1.0.1) and purrr (version 0.3.4) packages were used
for general data analysis.

ChlIP-seq analysis

ChIP-seq data were obtained from SRR1014799 (Hnisz et al, 2013)
and mapped to the GRCm38 genome using Bowtie2 (version 2.4.1).

© 2021 The Authors
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Mapped reads were filtered to remove alignments with quality
scores less than 30 as well as secondary and supplementary align-
ments. PCR duplicates were marked using sambamba (version
0.6.8). Coverage tracks were generated using the bamCoverage tool
from deepTools (version 3.4.3) with the following parameters: "-of
bigwig --binSize 10 --normalizeUsing CPM --extendReads 200 --
ignoreDuplicates --minMappingQuality 30". ChIP-seq peaks were
called using MACS2 (version 2.2.7.1) with default parameters.
Promoter ChIP-seq signal was calculated using a 1-kb window
around the annotated transcription start site. For genes with multi-
ple annotated transcription start sites, the one with highest ChIP-seq
coverage was retained. ChIP-seq coverage values above the 99
percentile were replaced with the 99" percentile, and then, all
coverage values were rescaled to lie between 0 and 1.

Data availability

Further information and requests for resources and reagents should be
directed to the corresponding author Ivan Bedzhov (ivan.bedzhov@
mpi-muenster.mpg.de). The RNA-seq datasets are available from the
ArrayExpress repository. ArrayExpress accession: E-MTAB-10024
(http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-10024/).

Expanded View for this article is available online.
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