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SUMMARY

Many mammals can control the timing of gesta-
tion and birth by pausing embryonic develop-
ment at the blastocyst stage. It is unknown
whether the capacity to pause development is
conserved, in general across mammals, and
more specifically in humans. Activity of the
growth regulating mTOR pathway governs de-
velopmental pausing in the mouse (7). Here we
show a stage-specific capacity to delay the
progression of human development via mTOR
inhibition. In this context, human blastoids and
pluripotent stem cells in naive and naive-like,
but not primed, states can be induced to enter
a dormant state, which is reversible at the func-
tional and molecular level. Comparative analy-
sis of mouse and human naive cells’ longitudi-
nal response to mTORI revealed distinct tem-
poral dynamics and metabolic requirements of
dormancy in each species. Mouse and human
blastocysts show similar tissue-specific pat-
terns of mTOR pathway activity, suggesting
that the mTOR pathway may be a conserved
regulator of blastocyst development and timing
in both species. Our results raise the possibility
that the developmental timing of the human
embryo may be controllable, with implications
for reproductive therapies.

INTRODUCTION

Timing of early mammalian development can
be controlled in vivo via natural preservation of
the blastocyst stage embryo for weeks to
months in a dormant state (2, 3). This process,
termed embryonic diapause or developmental
pausing, equips over 130 species of mammals
with a strategy to optimize the timing of birth
and minimize the impact of environmental
stressors on progeny. In diapause, the embryo
shows minimal anabolic activity, coupled with
reduced or diminished proliferation (3, 4). In the
mouse, naive pluripotency characteristics are
retained during diapause, indicating that this
primordial state can be stabilized and main-
tained in the absence of proliferation (5).

Although not all mammals employ diapause in
their reproductive cycle, interspecies uterine
transfer experiments suggest that the capacity
to undergo diapause may be present across
mammals (6, 7). Yet, significant species-specif-
ic differences in regulatory networks and mor-
phological organization exist as well (8-12).
Detailed analysis in recent years revealed con-
served as well as distinct signaling pathways
utilized by humans, mice, and other species to
determine cell fates in the early embryo (73—
15). Given these differences, whether mam-
mals harbor conserved regulatory networks to
enable diapause is unclear.


mailto:Aydan.Karslioglu@molgen.mpg.de
https://doi.org/10.1101/2023.05.29.541316

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.29.541316; this version posted May 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The possibility of diapause in humans has
been raised, but a convincing case has never
been shown (76), The large variation in the im-
plantation window and developmental capacity
of human embryos, as well as hormonal re-
sponse and uterine receptiveness of the moth-
ers, precludes studying human diapause in
vivo beyond case studies that provide circum-
stantial evidence (77). However, surplus in vitro
fertilized embryos, embryonic stem cells
(ESCs) derived from early embryos, cells re-
programmed to generate induced pluripotent
stem cells (iPSCs), or embryo-like models
generated from PSCs can be used to test dia-
pause potential. Few attempts to prolong the
culture duration of human embryos in culture
failed to retain morphology or provide sufficient
evidence (78, 19). Importantly, the reversibility
of pausing needs to be documented functional-
ly and/or molecularly in order to make a sub-
stantiated case of human diapause.

We have previously discovered that the mTOR
pathway governs developmental pausing in
mice (7). Inhibition of mTOR (mTORI), and
therefore cellular growth, induces a diapause-
like state in both mouse blastocysts and ESCs.
Mouse blastocysts can be sustained in vitro for
several weeks under mTORIi-induced pausing,
while ESCs can be constantly maintained un-
der mTORI. This paused pluripotent state is
reversible and pause-released embryos and
ESCs can give rise to live, fertiie mice and
high-grade chimeras, respectively (7). Down-
stream of mTORI, paused cells display reduced
global transcription and translation, and altered
metabolic networks (20). The transcriptional
profile of mTORIi-paused ESCs closely resem-
bles that of the in vivo diapaused epiblast, sug-
gesting that mTOR may be the master regula-
tor of developmental pausing also in vivo.

Here we show that human model embryos
(blastoids) as well as pluripotent stem cells
(PSCs) can be put into a diapause-like, stable,
and reversible dormant state via mTORi. By
comparing naive (PXGL), naive-like (RSeT)
and primed (mTeSR) culture conditions, we
show a stage-specific diapause response in
human PSCs that shares common features
with mouse diapause. We also find species-
specific pathway usage and a distinct dorman-
cy progression in human cells. These results
raise the possibility of modulating the timing of
early human development by extending the
time window of developmental competence at
the pre-implantation stage.

RESULTS

Similar pattern and sensing of mTOR path-
way activity in mouse and human embryos
Since the mTOR pathway is a major controller
of the dormancy vs proliferation decision in the
mouse blastocyst, we first characterized mTOR
activity levels and pattern in human blastocysts
in comparison to the mouse (Figure 1). The
prominent mMTOR downstream target phospho-
S6 (pS6) showed a highly similar pattern in
both species, with polar trophectoderm (TE)
showing higher activity than both mural TE and
the inner cell mass (ICM) (Figure 1a-b). The TE
showed a salt-and-pepper pS6 pattern in both
species, especially at the mural side. The same
pattern was also observed for other mTOR tar-
gets in mouse embryos, indicating that the pat-
tern does not only reflect protein synthesis but
mTOR activity in general (Figure S1a). Of note,
dormancy progresses from the mural to the po-
lar side in natural mouse diapause (27). The
weaker but consistent staining of mTOR tar-
gets in the ICM suggested that the mTOR
pathway is active in pluripotent cells, albeit at
lower levels compared to the polar TE.

The mTOR pathway regulates cellular growth
and proliferation in response to nutrients as
well as certain growth factors in the environ-
ment (22). The insulin growth factor (IGF) is a
direct upstream regulator of the mTOR path-
way and has been implicated in diapause regu-
lation in other species (23, 24). IGF1 is ex-
pressed from the maternal tissue, in an estro-
gen-dependent manner, for paracrine regula-
tion of the embryo, whereas the embryo ex-
presses IGF2 for autocrine regulation (25). pS6
and pAKT levels are altered in uterine fibroids
in response to IGF1, but not IGF2 (26), show-
ing the sensitivity of mTOR downstream targets
to IGF1. To test whether mTOR pathway activi-
ty is similarly sensed and adjusted in human
and mouse embryos, we subjected these to
two different IGF1 concentrations during the
pre-implantation embryo culture (in the human
either from day 2 or day 5 onwards, based on
embryo availability) (Figure 1c-e). Two doses of
IGF1 were used: 17 nM, the estimated concen-
tration in the human reproductive tract (27), or
1.7 nM. IGF1 supplementation increased hu-
man blastocyst formation rate at 1.7 nM (58%
in 1.7 nM IGF1 vs. vs 27% control media, Fig-
ure 1c), consistent with previous findings (27).
Importantly, 1.7 nM IGF1 specifically benefitted
the ICM in both human and mouse blastocysts
by increasing the number of cells (Figure 1d-e,
S1b). Higher IGF1 concentration did not en-
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hance this trend, which could be explained by
the increase and plateau of pS6 at 1.7 nM
IGF1 in the human ICM (Figure S1c). These
data suggest that the mTOR pathway is active
and tightly regulated in human blastocysts in a
manner that is highly similar to the mouse,
supporting the possibility that mTOR inhibition
may induce a diapause-like dormant state in
human embryos.
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Developmental delay of human blastoids in
extended pre-implantation culture

To robustly test the human diapause response
in a reversible setup, we chose the recently
developed blastoid model. Blastoids are em-
bryonic stem cell-derived structures that are
morphologically and transcriptionally highly
similar to the human blastocyst (modeling days
5 to 7) (28, 29). Blastoids are generated in a
relatively high-throughput manner, allowing to

c d e
+IGF1 +IGF1 +IGF1
PS5 f - - ()=
2dpf 6.5 dp.f. 5dpf 6.5dp.f. E15 E45
100 - 500 - total 9 40 - ICM 200 - total 60 ICM
) o e [e] Q
- _ i E‘ o
2 80 £ 400 £ 30 § 1504 5 0l
80 £ ) g 9
- S 300 % < 2
m.g 60 - g o 20 g 8
o) Q [0] _ -
58 S 200+ g S 100 g2
03 40 S = 101 5 Y ~
5 3 g™ 5 8 50 )
© 5 - 4
8< 201 € o- g 07 E g
= [= IS é’ c
* 2
0- A0-——7—7— 0T O——T—T 20— T T
AN AN N\ AN
LSS PO OO <& 8 <& 8
& AV a & A% a
000 R {((\ S ™ P Y Q\' Q\ Y QN Q\ & Q\ <
& ¢ ¢ ¢ & @ & 6 & 6

Figure 1 Similar pattern and sensing of mTOR pathway activity in human and mouse pre-implantation embryos
a. Immunofluorescence staining of a human blastocyst at E6 for the mTOR downstream target pS6, the epiblast marker NANOG, and

the trophectoderm marker CDX2. Scale bars, 50 um.

b. Immunofluorescence staining of a mouse blastocyst at E4.5 for pS6 and the ICM marker OCT4. The mouse and human embryos

display a similar pattern of pS6 staining. Scale bars, 50 um.

c. Human pre-implantation embryos cultured in 1.7 nM IGF from 2-cell until blastocyst stage yield a significantly higher percentage of
blastocysts compared to control embryos. n = 14 and 18 embryos were used for 1.7 nM and 17 nM treatments, respectively. As control,
data from all thawed blastocysts in the assay year were collected, n = 137.

d-e. IGF treatment increases the number of ICM cells in human (d) and mouse (e) pre-implantation embryos.
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overcome the material and ethical limitations of
human embryo research. Additionally, attach-
ment or in vitro implantation of blastoids induce
expansion and maturation of embryonic and
extraembryonic cells, recapitulating these early
post-implantation events and thereby allowing
to test the reversibility of dormancy.

To test the effect of MTOR inhibition on the de-
velopmental timeline and morphology of human
blastoids, these were first formed and then fur-
ther cultured in the presence of the mTOR in-
hibitor RapaLink-1 (Figure 2a-b). RapaLink-1 is
a third generation mTOR inhibitor, which is a
rapamycin-INK128 conjugate that blocks both
the allosteric and catalytic sites on mTOR and
effectively blocks mTOR activity (Figure S2a).
RapalLink-1 is significantly more efficient in in-
ducing mouse diapause compared to INK128
only (7). RapaLink-1-treated human blastoids
could be retained in their original morphology
with an expanded blastocoel and an intact ICM
for several days (Figure 2a-b, Figure S2b). In
contrast, the majority of untreated blastoids
could not be maintained beyond day 2. Over
the duration of the extended culture (termed
‘pausing’ from here on), the TE of human blas-
toids continued to expand, whereas the ICM
retained its original cell number (Figure 2b). As
a result, blastoid dimensions increased com-
pared to the untreated counterparts on day 0
(the blastoids were generated in 400 microme-
ter wells). The same morphological changes
and TE expansion are also seen in naturally
and in vitro diapaused mouse embryos (Figure
2c) and are in line with previous characteriza-
tions of embryos in diapause (27, 30). Thus,
mTORI induces similar, diapause-like morpho-
logical changes in both human and mouse.
Overall, ~50% of human blastoids could be
maintained in culture for 5 days, with a subset
persisting until day 8 (Figure 2d). Paused blas-
toids showed markers of pluripotent and ex-
traembryonic cells similar to untreated blas-
toids (Figure 2e), fulfilling a major criterion of
diapause, namely stabilization of the embryo
over an extended time period. Importantly, di-
rect inhibition of protein synthesis via cyclohex-
imide (CHX) could not replicate the effect of
mTORI, indicating that mTOR function in dia-
pause extends beyond regulation of protein
synthesis (Figure S2c). Interestingly, at high
doses (1000 ng/ml), CHX treatment allowed
pausing of the TE at the expense of ICM (Fig-
ure S2d-e). These results corroborate the dif-
ferent mTOR activity levels in the TE and ICM
as observed earlier (Figure 1a-b, S1).

In utero, diapaused embryos reactivate and
implant upon receiving growth cues. To test
whether mTORI-induced pausing is similarly
reversible, we reactivated paused blastoids af-
ter 2-6 days of mTORI treatment and further
cultured them on matrigel-coated plates (Figure
2f, S3). The efficiency of attachment was 100%
in all conditions of reactivation. ICM, TE and
primitive endoderm (PrE) derivatives were de-
tected after 2-4 days of post-implantation cul-
ture (Figure 2f, S3), including further differenti-
ating TE derivatives that express CK7 or CGB
(Figure 2f). We noted a skewing towards PrE
fate after 6 days of pausing, although this may
depend on the specific reactivation conditions
(Figure S3). These results show that the paus-
ing is reversible and the capacity to reactivate
and further differentiate is retained in human
blastoids, thus fulfilling a further criterion of di-
apause.

Human naive and naive-like PSCs can adopt
a dormant state

We have previously shown that mouse naive
pluripotent stem cells (PSCs) under mTORI
can faithfully model the diapaused epiblast, in-
cluding high transcriptional similarity (7). There-
fore, to further corroborate and dissect the hu-
man diapause response, we investigated the
possibility of human PSCs to adopt a dormant
state (Figure 3).

Both mouse and human PSCs can be captured
in vitro with molecular and epigenetic signa-
tures and morphological properties of either
naive or primed pluripotency that respectively
reflect the blastocyst (37-47) and the early
post-implantation epiblast (42). Several groups
have established culture conditions to maintain
human PSCs in a naive state (37-47). Since
diapause in most mammals occurs before im-
plantation, naive PSCs may be more amenable
to be put in a diapause-like state. To compara-
tively test the capacity of PSCs across the
pluripotency spectrum to enter dormancy, we
used human PSCs cultured in naive (PXGL),
naive-like (RSeT) or primed (mTeSR) condi-
tions. Mouse ESCs in serum/LIF, which we
previously showed to robustly transition into a
diapause-like state in response to mTORI,
were used as control. As a first measure, we
observed morphology, proliferation rate, and
cell death during the potential cellular transition
from a proliferative state to dormancy. As ex-
pected, mouse ESCs successfully slowed their
proliferation while maintaining colony morphol-
ogy, and this effect was reversible (Figure 3a).
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Figure 2 Developmental delay of human blastoids in extended pre-implantation culture

a. Bright field images of blastoids cultured in control conditions or treated with the mTOR inhibitor RapaLink-1. Indicated time points
(days 1-8) denote culture time after blastoid formation (after 96h starting from ESC culture).

b. Bright field images of human normal and paused blastoids, in comparison to an untreated blastoid in extended culture. Right panel
shows quantification of cell number in the ICM and TE based on immunofluorescence stainings.

c. Bright field images of mouse normal and paused blastocysts (in vitro and in vivo), in comparison to an untreated blastoid in extended
culture. Right panel shows quantification of cell number in the ICM and TE based on immunofluorescence stainings.

d. Longitudinal morphological scoring of control blastoids and blastoids treated with the mTORi RapaLink-1 at the indicated concentra-
tions. Blastoids were not considered intact after structural collapse. n = number of treated blastoids.

e. IF staining of the ICM markers OCT4 and NANOG, TE markers GATA3 and CDX2, and PrE markers GATA4 and SOX17. 16 control
and 15 paused blastoids were stained. 3/15 paused and 2/16 control blastoids show linearly organized PrE layer (as shown in the top
right panel).

f. Reactivation and extended post-implantation culture after pausing. Blastoids were treated with mTORi for 4 days, then mTORi was
withdrawn and blastoids were cultured on matrigel-coated plates (28). After four days, cells were stained for the ICM markers OCT4 and
SOX2, the TE marker GATA3, and the trophoblast differentiation markers CK7 and CGB. Scale bars, 100 um.
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Strikingly, human naive PSCs cultured in PXGL
conditions showed a similar response to mouse
ESCs and robustly adopted a less proliferative
pluripotent state that was reversible. Naive
PSCs could be maintained under mTOR: for 18
days (maximum testing period), released and
iteratively repaused without compromising
colony morphology (Figure S4a). Cells cultured
in RSeT could also be reversibly paused, albeit
at much lower efficiency. While PXGL cells
showed a more homogeneous response to
mTORI treatment, with an initial increase in
apoptosis that normalized over time, RSeT
cells showed persistently high levels of apopto-
sis (Figure 3b). Yet, the remaining RSeT
colonies retained pluripotent morphology, did
not accumulate DNA damage, and could also
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revert to proliferation without differentiation
(Figure 3a, S4b). Furthermore, paused RSeT
colonies showed stronger dormancy and effec-
tively abolished proliferation while still maintain-
ing pluripotency (Figure S5). In contrast to
PXGL and RSeT cells, primed PSCs in mTeSR
culture did not successfully transition into dor-
mancy and died by day 4 (Figure 3a). These
results reveal that human cells can undergo
reversible dormancy in response to mTORI in
naive and naive-like states, with naive cells
showing higher efficiency and naive-like cells
entering deeper dormancy.

Mouse and human PSCs were so far paused
using the mTOR inhibitor INK128 as this was
previously shown to effectively instate a dia-
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Figure 3 Human pluripotent cells can be reversibly paused with differing efficiencies via inhibition of mTOR activity
a. Representative bright field images of naive, naive-like, and primed pluripotent human cells before, during, and after mTOR: treatment

as compared to the mouse. Scale bar, 500 um.

b. Percentage of Annexin V-positive apoptotic cells during the course of mTORI treatment in RSeT and PXGL culture.
c. Proliferation curves of human ESCs in PXGL culture treated with the catalytic mTOR inhibitors RapaLink-1 and INK128. Proliferation

rate of mouse ESCs cultured in INK128 are shown in comparison.

d. Cell cycle distribution of mTORi-treated human and mouse cells, as determined by EdU incorporation and DNA content. Differences
are non-significant per two-way ANOVA. Schematic at the bottom shows the relative durations of the cell cycle and each phase, based

on measurements of proliferation and EdU integration (Figure 3c-d).
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pause-like state in mouse ESCs (7). INK128
efficiently inhibited the phosphorylation of
mTOR downstream targets pS6 and Akt in
mouse and human cells, albeit pS6 more then
pAkt (Figure S6). Treatment of PXGL cells with
two other mTOR inhibitors, RapaLink-1 and
Torin1, exactly reproduced the slowed prolifera-
tion under INK128 (Figure 3c). Interestingly,
proliferation of human PSCs was less sup-
pressed than mouse ESCs using the same in-
hibitor (INK128), which may be attributed to a
longer growth (G1) phase (Figure 3c-d). Of
note,even though paused hPSCs in PXGL
showed an overall similar cell cycle distribution,
the nucleotide analog EdU was integrated at
lower levels in paused cells, indicating slower
progression through the cell cycle (Figure 3d,
indicated by asterisks) Overall, the cell cycle
and proliferation data point to a prolonged cell
cycle in PXGL cells, in which all phases take
longer to complete, with Go/G1 and G2/M phas-
es prolonging proportionally more than the S
phase compared to normal cells (depicted in
Figure 3d, lower panel). In contrast, paused
RSeT cells did not show the mitosis marker
H3S10p (Figure S5).

Reversibility of pausing at the molecular
level

Our results so far indicate that human PSCs as
well as blastoids have the capacity to pause
and that pausing is functionally reversible. We
next aimed to probe the reversibility of pausing
at the molecular level, identify the involved
pathways, and more thoroughly compare PXGL
and RseT conditions. For this, we collected
normal, stably paused, and released cells and
performed quantitative label-free proteomics
mass spectrometry (Figure 4a, Table S1). Prin-
ciple component analysis (PCA) showed a
clearly distinct proteomics state in paused
PSCs, which was completely reversible in
RseT cells and showed more heterogeneity in
PXGL cells (Figure 4b). 321 and 392 proteins
were significantly differentially expressed (DE,
adjusted p-value <0.05 and log.FC >1) in
PXGL and RseT conditions, respectively (Table
S2). Both at the pathway and individual protein
levels, pause-induced changes reverted back
to original after release of cells into proliferation
(Figure 4c-d, Table S3). Again, RSeT cells
showed almost completely restored original
expression levels and patterns, while PXGL
response was more variable. Protein synthesis,
which is a major downstream target of mTOR,
was consistently downregulated in both PXGL
and RSeT cells, along with other anabolic ac-
tivities such as transcription, splicing, and RNA/

protein export. Upregulated pathways differed
to some extent under these conditions (Figure
4c). Overall, these results reiterate the re-
versibility of pausing in human PSCs with dif-
fering efficiencies at the functional and molecu-
lar levels between naive and naive-like condi-
tions.

Species-specific tempo and metabolism of
developmental pausing

To get at a potentially conserved diapause re-
sponse in mammals, we next compared the
temporal dynamics and pathway usage in
mouse and human naive PSCs in their cellular
transition into dormancy. For this we collected
matching time points up to 10 days in mouse
and human and performed proteomics (Figure
5a).

The developmental clock of mice and humans
is inherently different and we thus wondered
whether diapause is established at a similar or
distinct pace in these species. Correlation ma-
trices of longitudinal samples showed different
‘break points' in human and mouse cells, after
which the paused proteomic signature was
stabilized (human = d6, mouse = d2, Figure
5b). To corroborate this observation, we further
used the time-course proteomics data to con-
struct pseudotime trajectories using ranked dif-
fusion components. This approach also pointed
to d6 in human and d2 in mouse as the ob-
servable time points, after which the pseudo-
time no longer consistently progressed, and
thus stabilized (Figure 5c). These results
strongly suggest a species-specific tempo in
PSCs of transition into dormancy.

Once stabilized, human and mouse pause pro-
teomes correlated at the protein and pathway
levels (Figure 5d). Here we chose the time
points after the stabilization of pseudotime, i.e.
day 8 in human and day 4 in mouse, with the
aim of identifying pathways important for the
maintenance of pausing. In general, RNA and
protein anabolic processes were downregulat-
ed in both species (e.g. ribosome, basal tran-
scription, RNA and protein export), whereas
cellular adhesion and DNA repair-related terms
were commonly upregulated (Figure 5e). De-
spite an overall correlation, we also identified
several species-specific pathways. These
mostly comprised of metabolic pathways, with
lipid and amino acid metabolism specifically
upregulated in the mouse; and sugar me-
tabolism specifically upregulated in the human
(Figure 5e). Only a few signaling pathways
were discordantly expressed in the two species
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(Figure 5e). These differences might however
also stem from different culture conditions, e.g.
PXGL media contains a WNT inhibitor, unlike
mouse serum/LIF media. Taken together, the
human and mouse response to mTORI-in-
duced pausing builds on a common non-ana-
bolic profile, but may require species-specific
metabolic activities.

Finally, we sought to validate the species-spe-
cific metabolic requirements, as predicted by
the proteome analyses of paused human
PSCs, using the blastoid model. Proteomic
analysis pointed to fatty acids as a mouse-spe-
cific energy source utilized to sustain pausing
(Figure 5e, S7a). We and others have recently
shown that, indeed, fatty acids derived from
lipid droplets are actively used during mouse
diapause (20, 43), and that enhancing fatty
acid oxidation by L-carnitine supplementation

shown. LFQ, label-free quantification.

normal

significantly prolongs in vitro pausing duration
of mouse blastocysts (20). Consistent with
species-specific energy sources, L-carnitine
supplementation of human blastoids during
pausing did not alter the culture duration (Fig-
ure S7b). The neutrality to carnitine supple-
mentation suggests a non-lipid-based me-
tabolism in paused human blastoids. Under-
standing and modulating the metabolic profile
of human diapause may thus further enhance
the pausing efficiency and duration of human
blastoids, and potentially, blastocysts.

DISCUSSION

Human embryos are notoriously variable in
their capacity to progress through early devel-
opment, with an estimated 1/3 of pregnancies
failing in the first trimester due to genetic and
non-genetic abnormalities (44, 45). In this con-
text, our results have several important implica-
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Figure 5 Distinct temporal dynamics and metabolic pathway expression in human and mouse pausing

a. Schematics of the experiment. Human ESCs in PXGL culture and mouse ESCs in serum/LIF culture were treated with mTOR: for 10
days and cells were collected at the indicated time points for low-input mass spectrometry. To investigate reversibility, cells were re-
leased from pausing and collected 8 days after. Mouse and human cells were cultured in parallel using the same batch of the inhibitor.
b. Correlation matrices of human (PXGL) and mouse ESCs. Two replicates (dx_1 or _2) were collected on the indicated days for pro-
teomics analyses.

c. Pseudotime analyses of human or mouse ESCs undergoing pausing based on ranked diffusion components. Dashed line and grey
shading show median and confidence interval, respectively. Each dot shows a replicate collected on the indicated day of mTOR treat-
ment.

d. Density plots showing the levels of protein (top) or pathway (bottom) expression in human and mouse cells in pausing relative to
normal culture. Proteomic and pathway alterations in response to pausing show a statistically significant correlation in both species. r,
Spearman’s Rho correlation coefficient.

e. Common and species-specific pathways in human and mouse paused ESCs. Basal transcription and translation pathways are down-
regulated; while DNA repair proteins are upregulated in both species. Metabolic profiles are strikingly species-specific.


https://doi.org/10.1101/2023.05.29.541316

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.29.541316; this version posted May 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

tions for technological advance as well as fun-
damental understanding of human early em-
bryogenesis: 1- Stimulation of mTOR/PI3K
pathway activity through supplementation with
IGF1 may promote cell proliferation and boost
blastocyst formation rates, supporting earlier
findings (46—48); 2- Inhibition of the mTOR
pathway at the blastocyst stage might provide
a valuable extended time window for character-
ization and scoring of embryos or synchroniza-
tion to the mother’s hormonal cycle; 3- paused
hPSCs and blastoids can be used to under-
stand factors regulating the prolonged mainte-
nance of pluripotency (similar to the role of LIF
in mouse pluripotency (30)).

Once established and stabilized, paused hP-
SCs and blastoids easily reactivate upon with-
drawal of mTORIi. However, the starting popu-
lation of naive and naive-like hPSCs show het-
erogeneity in terms of the capacity to pause.
The underlying reasons for this heterogeneity
remain to be explored. We speculate that tran-
scriptional status or the cell cycle phase of the
cells at the time of entry to pausing could be
contributing factors (49). Analysis of transcrip-
tome profiles at the single cell level and/or lin-
eage fracing experiments may help identifying
the causes of heterogeneity. Since the cells are
isogenic, the contribution of different genetic
factors cannot be isolated in this setting. We
note that human PSCs have an increased ten-
dency for apoptosis, and unlike mouse PSCs,
require periodic use of ROCK inhibitor for stabi-
lization, particularly at the time of passaging.
Thus, maintaining hPSCs under mTORi is
more challenging as compared to mouse cells.
Among the conditions tested in this manuscript,
PXGL media offers a more stable platform for
further investigations on human embryonic
dormancy. Yet, it is advisable to compare dif-
ferent pluripotent states as well as use blas-
toids for functional testing of critical regulators
of dormancy.

In the recent years, regulated translation
emerged as an important new player connect-
ing stem cell activity to the microenvironment
(50-53). Downregulation of translation is the
most prominent signature of hPSC pausing and
correlates with dormancy. However, in mouse,
neither embryos nor cells can be paused by
inhibition of translation alone (7). The same is
true for human blastoids, which interestingly
lose the epiblast upon prolonged inhibition of
protein synthesis. These results strongly sug-
gest that the mTOR pathway activity is strin-
gently controlled in a tissue-specific manner.

mTORI-based rewiring of metabolism appears
to be a necessary component for maintenance
of the dormant state. Upstream of mTOR, se-
lective depletion of nutrients or growth factors
such as IGF1 could trigger mTOR inhibition
and developmental pausing in humans. As the
expression of IGF1 is estrogen-dependent, and
estrogen deprivation is the trigger for the non-
receptivity of uterus, which induces diapause in
the mouse; IGF1 depletion may be a main up-
stream regulator of diapause. Although IGF
also triggers signaling pathways other than
mTOR/PI3K, here we show that mTOR path-
way senses IGF1 levels.
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Figure S1 Characterization of mTOR pathway in mouse and human blastocysts

a. Immunofluorescence stainings of the mTOR downstream targets pAKT and p4EBP1 and nascent protein synthesis in mouse E4.5
embryos. Embryos were cultured with the amino acid analog HPG was used to mark nascent proteins. All three stains show heterogene-
ity in pathway activity between ICM and TE and within TE.

b. IF stainings showing ICM and TE in human and mouse blastocysts in control or IGF treatment conditions. These data support Figure
1d-e.

c. IF staining for pS6 in human pre-implantation embryos in control condition and upon treatment with IGF1. Fluorescence maximum
intensity projections are shown. Right panels show quantification of pS6 intensities and number of TE cells in each condition. ICM reach-
es maximum pS6 intensity in 1.7 nM IGF 1 treatment. Solid lines indicate median and dashed lines mark interquartile range.
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Figure S2. Further characterization of blastoid pausing

a. Immunofluorescence stainings for pS6 in human normal and paused blastoids (left) and mouse normal and in vivo diapaused blasto-
cyst. Note that pS6 staining is completely absent in the paused states.

b. Immunofluorescence stainings of the epiblast (OCT4) and PrE markers (GATA4) in normal, paused, and untreated blastoids.

c. Longitudinal morphological scoring of control blastoids and blastoids treated with RapaLink-1 or CHX (protein synthesis inhibitor). Blas-
toids were not considered intact after structural collapse. n = number of treated blastoids.

d. Bright field images of selected blastoids cultures in the indicated conditions. Note the loss of ICM (indicated with asterisk) in CHX-
treated blastoids.

e. Immunofluorescence staining corroborating the premature loss of OCT4+ epiblast cells in CHX-treated blastoids on day 4.


https://doi.org/10.1101/2023.05.29.541316

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.29.541316; this version posted May 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Control

+ postimplantation culture for 2 days

EPI (Oct4+) PrE (Gata4+) TE (double neg.)
150 50 500 -
g g . g .
2 ° 2 2
g S 40 S 400
100+ @ @ s
§ ... %30_ :;_300- {:
28 ° 8 3
E E 20 £ 200 P8¢
> 504 =] =]
E E [ [ ] E L/ =
3 o* 3 10 ° 2 100
=[] | 4 o
0 N 0 — 0
N N N
Q Q' Q
o o‘& o
S A3 Ay

Figure S3. Further characterization of blastoid reactivation

a. Reactivation and extended post-implantation culture after pausing. Blastoids were treated with mTORI for 2-6 days, then mTORi was
withdrawn and blastoids were cultured on matrigel-coated plates(28). After two days, cells were stained for the ICM marker OCT4 and the
PrE marker GATA4. Number of cells in each lineage was quantified (TE was defined as double negative). Scale bars, 100 mm.
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Figure S4 Further characterization of paused hPSCs in PXGL and RSeT culture.

a. Bright field images of paused, released, and re-paused human ESCs in PXGL culture. Cells need to be split during prolonged pausing
to overcome MEF depletion and differentiation. Scale bars: main- 500 mm, inset- 100 mm.

b. Levels of the DNA damage marker gH2A.X in the corresponding conditions. As positive control, cells were irradiated with UV at
4000mJ/sq cm for 10 seconds and fixed 6 hours later. Paused and released hiPSCs do not show an increase in DNA damage or apopto™
sis. Insets show higher magnification of the indicated regions. Right panels show single-cell quantifications of gH2A.X intensity normal-
ized to the cellular area. Mean and standard deviation are shown. n = number of cells. Scale bars, 50 mm. Statistical test performed is
one-way ANOVA with Tukey’s multiple testing correction).


https://doi.org/10.1101/2023.05.29.541316

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.29.541316; this version posted May 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

@ PXGL @ RSeT w RSeT

Normal

OCT4 <0.0001
0.5 00125  <0.0001

0.44

<0.0001  <0.0001

OCT4
OCT4

0.3

o
'S

024 [+ Jod

o
[

0.14

Normalized intensity

Normalized intensity

e
°

0.0 Y

(

VT
Normal Release
n=600 n=753 n=792

OCT4 / DAPI

Normal Release
n=2530 n=380 n=1546

OCT4 / DAPI

H3S10p+ cells:
8 §\° o
o> &'

H3S10p+ cells:

H3S10p
H3S10p

% dividing cells
S (2]

% dividing cells

N

H3S10p / DAPI
H3S10p / DAPI

Figure S5 Paused hPSCs retain pluripotency and the capacity to proliferate

Levels of the pluripotency-associated gene OCT4 and the cell division marker H3S10p in normal, paused (d6), and released human cells
in PXGL and RSeT culture. Right panels show single-cell quantifications all taken images. n indicates the number of analyzed cells. Scale
bars, 50 mm. Statistical test performed is one-way ANOVA with Tukey’s multiple testing correction.
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Figure S6 Levels of mTOR downstream targets in paused mouse and human cells.

Immunofluorescence stainings for the mTOR downstream targets pS6 and pAKT. Bottom panels show area-normalized single-cell quan-
tifications of staining intensities. Dashed line: median, dotted lines: quartiles. Scale bars, 50 mm. Statistical test performed is a two-tailed
Kolmogorov-Smirnov t-test.
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Figure S7 Human blastoid maintenance in pausing does not require fatty acid oxidation

a. Temporal expression of the fatty acid degradation pathway during mTORIi treatment in mouse and human ESCs. Plot shows mean
log2FC of proteins in the pathway (per KEGG annotation) on dx/d0, together with confidence interval.

b. Culture duration analyses of paused blastoids with or without carnitine supplementation. Enhancing fatty acid degradation does not
prolong pausing of human blastoids, unlike mouse blastocysts. n = number of treated blastoids.
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METHODS

Ethics statement

Human embryos were donated to the research
project by informed consent under UK Human
Fertilization and Embryo Authority (HFEA) Li-
cense number R0162. Approval was also ob-
tained from the Health Research Authority’s
Cambridge Central Research Ethics Commit-
tee, IRAS project ID 272218 (Cambridge Cen-
tral reference number 19/EE/0297). The ap-
proval process entailed independent peer re-
view along with approval from both the HFEA
Executive Licensing Panel and the Executive
Committees. Our research is compliant with the
HFEA Code of Practice and has undergone
independent HFEA inspections since the Ii-
cense was granted. Patient consent was ob-
tained from Bourn Hall Clinic. Informed consent
was obtained from all couples that donated
surplus embryos following IVF treatment. Be-
fore giving consent, donors were provided with
all of the necessary information about the re-
search project, an opportunity to receive coun-
selling, and details of the conditions that apply
within the license and the HFEA Code of Prac-
tice. Specifically, patients signed a consent
form authorizing the use of their embryos for
research including stem cell derivation and for
the results of these studies to be published in
scientific journals. No financial inducements
were offered for donation. Patient information
sheets and the consent documents provided to
patients are publicly available (https://
www.crick.ac.uk/research/a-z-researchers/re-
searchers-k-o/kathy-niakan/hfea-licence/). Em-
bryos were donated, cryopreserved, and trans-
ferred to the Francis Crick Institute where they
were thawed and used in the research project.

Human embryo culture

Vitrified embryos frozen in straws were thawed
by quickly transferring the contents of the straw
from liquid nitrogen directly into thaw solution
(Irvine Scientific Vitrification Thaw Kit) and
thawed per manufacturer’s instructions. Em-
bryos frozen in cryopets were thawed for 3
seconds in a 37 °C water bath before transfer-
ring into thaw solution (Irvine Scientific Vitrifica-
tion Thaw Kit). Embryos frozen in glass am-
poules were thawed completely in a 37 °C wa-
ter bath after the top of the vial was removed
under liquid nitrogen. The contents were emp-
tied onto a petri dish and the embryo trans-
ferred through a gradient of sucrose solutions
(Quinn’s Advantage Thaw Kit, Origio) per man-
ufacturer’s instructions. Embryos were routinely
cultured in Global Media supplemented with 5
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mg/mL LifeGlobal Human Protein Supplement
(both LifeGlobal) pre-equilibrated overnight in
an incubator at 37 °C and 5% COa. These con-
ditions were supplemented with IGF1 (291-G1/
CF, R&D) at a final concentration of 1.7 or 17
nM.

Human ESC and blastoid experiments

As required by the German Stem Cell Act, all
experiments involving hESCs and/or hESC de-
rived blastoids were approved by Robert Koch
Institute, Berlin, and the Commission for Sci-
ence Ethics of the Austrian Academy of Sci-
ences. The Wicell line H9 was used under the
agreement 20-WO-341 for a research program
entitled ‘Modeling early human development:
Establishing a stem cell based 3D in vitro mod-
el of human blastocyst (blastoids)’. This work
did not exceed a developmental stage normally
associated with 14 consecutive days in culture
after fertilization even though this is not forbid-
den by the ISSCR Guidelines as far as embryo
models are concerned. All experiments com-
plied with all relevant guidelines and regula-
tions, including the 2021 ISSCR guidelines that
forbid the transfer of human blastoids into any
uterus (7).

Mouse experiments

All animal experiments were performed accord-
ing to local animal welfare laws and approved
by local authorities (covered by LaGeSo li-
censes ZH120, G0284/18, and G021/19 and
UK Home Office project license (70/8560))
within the conditions of the Animal (Scientific
Procedures) Act 1986. Mice were housed in
individually ventilated cages and fed ad libitum.

Stem cell lines and culture conditions
Primed human PSC cell culture

Wild-type Zip13k2 female hiPSCs were cul-
tured without feeders on Matrigel-coated plates
(Corning, 354277) in mTeSR media supple-
mented with 10 mM ROCK inhibitor (ROCKIi)
(Tocris, 1254) on the day of seeding. ROCKi
was withdrawn the day after thawing, the me-
dia was changed every day, and cells were
passaged every four days. At each passage,
cells were dissociated as clumps using EDTA
and re-plated with 10 mM ROCK:i in a split ratio
of 1:5. Cells were maintained at 37°C in 20%
O2 and 5% COz: incubator.

Naive-like human PSC cell culture (RSeT)

To obtain naive-like cells, primed hiPSCs were
plated at medium density (1:3-1:4 of a 75%
confluent 10 cm plate) on Matrigel-coated
dishes (Corning, 354277) and grown in mTeSR

media for 24 hours at 37°C in 20% O2, 5%
CO2. After 24 hours, mTeSR media was re-
placed with RSeT™ Feeder-Free Medium
(Stem Cell Technologies, 05975), and the cells
were cultured at 37°C in 5% 02, 5% CO2 (hy-
poxic condition). The cells need to undergo at
least 3 passages to completely reprogram to a
naive-like state. At each passage, cells were
dissociated using TrypLE (Thermo Fisher,
12604-021) and 108 cells were seeded on a 10
cm culture dish with 5 mM ROCKIi. ROCKi was
withdrawn the day after thawing.

Naive human PSC culture (PXGL)

H9 hESCs were cultured on gelatin-coated
plates including a feeder layer of mitomycin
treated mouse embryonic fibroblasts (MEFs) in
PXGL medium. PXGL medium is prepared us-
ing N2B27 basal medium supplemented with
PD0325901(1 uM, MedChemExpress,
HY-10254), XAV-939 (2 uM, MedChemExpress,
HY-15147), G6 6983 (2 uM, MedChemEXxpress,
HY-13689) and human leukemia inhibitory fac-
tor (hLIF, 10 ng ml-1, in-house made). N2B27
basal medium contained DMEM/F12 (50%,
GIBCO, 11320-074 ), neurobasal medium
(50%, GIBCO, 21103-049), N-2 supplement
(Thermo Fisher Science, 17502048), B-27
supplement (Thermo Fisher Science,
17504044), GultaMAX supplement (Thermo
Fisher Science, 35050-038), non-essential
amino acid, 2-mercaptoethanol (100 uM,
Thermo Fisher Science, 31350010), and
bovine serum albumin solution (0.45%, Sigma-
Aldrich, A7979-50ML). Cells were routinely cul-
tured in hypoxic chambers (5% CO2, 5%
0O2) and passaged as single cells every three to
four days. All cell lines had routinely tested
negative for mycoplasma.

Mouse ESC culture

Mouse ESCs were plated on 0.1% gelatin-
coated dishes and grown in DMEM high glu-
cose with Glutamax media (Thermo,
31966047) supplemented with 15% FBS
(Thermo, 2206648RP), 1X NEAA (Thermo,
11140-035), 1X b-mercaptoethanol (Thermo,
21985023), 1X Penicillin/streptomycin (Life
Technologies, 15140148) and 1000U/mL LIF
and grown at 37°C in 20% O2 and 5% CO:2 in-
cubator. At each passage, cells were dissociat-
ed using TrypLE (Thermo Fisher, 12604-021)
with media change every day.

Developmental pausing setup

Human PSC pausing: For pausing of primed
hiPSCs, cells were treated with the catalytic
MTOR inhibitor INK128 (MedChemExpress/
Biozol, MCE-HY-13328) at 200 nM final con-
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centration and 10 mM ROCKI in mTeSR media
for 1 day. The following day, ROCKi was with-
drawn and cells were cultured in media con-
taining INK128 for six days with daily media
change.

For pausing of hiPSCs in RSeT culture, 106
cells were plated and grown in RSeT feeder-
free medium. The media was changed every
other day. On the fourth day of culture (approx-
imate colony diameter of 100 mm), media con-
taining 200 nM INK128 and 5 mM ROCKi was
added for one day, then replaced with media
containing only 200 nM of mTORI. Media was
changed every day.

For pausing of hESCs in PXGL -culture,
400,000 cells were counted and plated onto
confluent MEFs in PXGL media with 10 mM
ROCKI, Matrigel and 200 nM INK128 for one
day. The next day the media was replenished
with PXGL and 200 nM INK128. To validate
INK128-mediated pausing, RapaLink-1 (Biozol,
APE-A87764) was used at 200 nM and Torin1
(Abcam, ab218606) was used at 200-1000 nM.
Mouse ESC pausing: For pausing of mouse
ESCs, cells were treated with mTOR inhibitor
at 200nM final concentration and the cells were
cultured for six days. Media was replenished as
required.

Mouse blastocyst pausing: For embryo collec-
tion, F1 (C57BI/6xCBA) females were super-
ovulated to obtain fertilized oocytes. Superovu-
lated female mice were set up for mating with
eight-week-old or older (C57BI/6xCBA) F1
male mice. E0.5 embryos were collected from
swollen ampulas in FHM medium (Millipore
#MR-024-D;27:50), treated with hyaluronidase
(Sigma-Aldrich; H4272) to remove cumulus
cells, and embryos were cultured in drops of
pre-equilibrated KSOM medium overlaid with
mineral oil (Origio; ART-4008-5P) at 37.5°C in
5% CO2. In vivo diapause was induced after
natural mating of CD1 mice. Pregnant females
were ovariectomized at E3.5 and afterwards
injected every other day with 3 mg medrox-
yprogesterone 17-acetate (subcutaneously).
Diapaused blastocysts were flushed from uteri
in M2 media after 3 of diapause at EDG7.5.

Immunofluorescence (IF)

PSCs: Cells were cultured on glass coverslips
and were fixed in 4% PFA for 10 min at room
temperature, washed once in PBS, then per-
meabilized with 0.2% Triton-X100 in PBS for 5
min on ice. After washing once in PBS-T (PBS
with 0.2% Tween-20), cells were blocked with
blocking buffer (PBS-T, 2% BSA and 5% goat
serum (Jackson Immunoresearch/Dianova,

017-000-121) for 1 hour at room temperature.
Cells were then stained with primary antibodies
pS6 (CST Cat no: 4858) 1:200, pAKT (CST,
4060T) 1:200, KI67 (BD Pharmingen, 556003)
1:400, H3 phosphoS10 (Abcam, ab5176),
1:1000, OCT4 (Santa Cruz, sc5279) 1:50,
NANOG (Abcam, ab109250) 1:200, gH2A.X
(Biolegend, 613405) 1:400 overnight at 4°C.
The cells were washed thrice with wash buffer
(PBS-T, 2% BSA) for 10 min. Anti-rabbit
(Thermo, A10042) or anti-mouse (Thermo,
21202) secondary antibody conjugated with
Alexa Fluor was added to cells at a dilution of
1:700 in blocking buffer and incubated for 1
hour at room temperature, followed by 3 wash-
es with wash buffer for 10 min. The coverslips
were then mounted with Vectashield with DAPI
(Vector labs, H-2000) and sealed with nail pol-
ish. Imaging was done using a Zeiss LSM880
Airy microscope using Airy scan mode and im-
age processing was done using Zen black and
Zen blue software (version 2.3). Image quan-
tification was done using CellProfiler (version
4.2.1) where nuclei or cells which were denot-
ed as primary objects were identified and the
normalized intensities of the respective protein
stained were measured against nuclear or cell
area( https://cellprofiler.org/). Data were plotted
using GraphPad Prism (version 9).

Embryos: Human embryos were fixed in 4%
paraformaldehyde in PBS for 1h at 4°C, and
mouse embryos 10 min at room temperature.
Embryos were washed once in PBS, then per-
meabilized with 1x PBS with 0.5% Triton X-100
and then blocked in blocking solution (10%
FBS in 1x PBS with 0.1% Triton X-100) for
1-2h at room temperature on a rotating shaker.
Embryos were then incubated with primary an-
tibodies diluted in blocking solution overnight at
4 °C on rotating shaker. The following day, em-
bryos were washed once in 1x PBS with 0.1%
Triton X-100 at room temperature on a rotating
shaker, and then incubated with secondary an-
tibodies diluted in blocking solution for 1 h at
room temperature on a rotating shaker in the
dark. Embryos were washed in 1x PBS with
0.1% Triton X-100 and counterstained with
DAPI. The following antibodies and dilutions
were used: anti-pS6 (Cell Signaling, 4858)
1:250, anti-OCT4 (Santa Cruz, 5279) 1:50,
anti-Nanog (R&D AF1997) 1:200, anti-CDX2
(BioGenex, MU392-UC) 1:100, anti-pAKT (CST
4060T) 1:100, anti-4EBP1 (CST 2855) 1:100,
anti-Lamin B1 (Abcam ab16048) 1:100, and
anti-GATA3 (R&D AF2605) 1:200. All sec-
ondary antibodies were Alexa Fluor (Life Tech-
nologies), raised in donkey and used 1:200 to
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1:1000. For imaging, embryos were placed on
a p-Slide 18 Well Flat dish (lbidi, 81826) in
PBS and imaged on a Leica Sp8 confocal with
a Leica HCX PL APO 63x / 1.3 GLYC CORR
CS objective. The z-stack step is 3.5-5 mm.
Imaging of mouse embryos was done using a
Zeiss LSM880 Airy microscope using Airy scan
mode.

Apoptosis assay

Cells adherent to the plate as well as floating
cells were collected for the apoptosis assay.
Cells were dissociated using TrypLE, washed
in cold PBS, and resuspended in Annexin bind-
ing buffer (10 mM HEPES, 140 mM NaCl and
2.5 mM CaClz, pH 7.4). Cell density was ad-
justed to 400,000 cells in 500 ml Annexin bind-
ing buffer. Staining for Annexin V was done ac-
cording to manufacturer’s instructions (Thermo
Fisher, R37174) along with dead cell stain us-
ing SYTOX AADvanced (Thermo, S10274) for
15 min at room temperature. A FACS AriaFu-
sion flow cell cytometer was used to analyze
cell staining. Data were analyzed using FlowJo
(version 10) and plotted using GraphPad Prism
(version 9).

Cell cycle assay

To study cell cycle distribution, the Click-iT EdU
Alexa Fluor 488 Flow Cytometry Assay Kkit
(Thermo Fisher, C10425) was used. Normal
and paused iPSCs were incubated at 37°C for
2 hours with 10 yM EdU in 5% O2, 5% CO..
Cells were then harvested, washed once with 3
ml of 1% BSA in PBS, centrifuged at 300 g for
5 min and the supernatant was removed. The
pellet was dislodged and fixed in 100ml Click-iT
fixative for 15 minutes at room temperature.
After fixation, cells were washed with 3 ml of
1% BSA in PBS. The pellet was then resus-
pended in 100 ml 1x Click-iT saponin-based
permeabilization and wash reagent and incu-
bated for 15 minutes at room temperature. To
this, 500 ml Click-iT reaction cocktail was
added and incubated for 30 minutes in the dark
at room temperature. After incubation, cells
were washed with 3 ml of 1X Click-iT saponin
based permeabilization and wash reagent,
suspended in 200 ul of the same reagent. Fx-
Cycle violet (Life Technologies, F10347) was
added to a final concentration of 1 mg/ml to
measure DNA content and incubated for 1 hour
at room temperature in the dark. FACS AriaFu-
sion cell cytometer was used to acquire data
using BD FACSDIVA Software v8.0.1. Data
were analyzed using FlowJo (version 10) and
plotted using GraphPad Prism (version 9).

Global proteomics

Low-input proteomics: 5000 cells per sample
were lysed in a denaturing buffer, reduced and
alkylated, and sequentially digested by Lys-C
and trypsin. Peptides originating from about
1000 cells were loaded onto Evotips Pure
(Evosep, Odense, Denmark) according to
manufacturer protocol. Peptide separation was
carried out by nanoflow reverse phase liquid
chromatography (Evosep One, Evosep), using
the Endurance column (15 cm x 150 um ID,
with Reprosil-Pur C18 1.9 um beads #EV1106,
Evosep) with the 30 samples a day method
(30SPD). The LC system was online coupled to
a timsTOF SCP mass spectrometer (Bruker
Daltonics, Bremen, Germany) applying the
data-independent acquisition (DIA) with parallel
accumulation serial fragmentation (PASEF)
method(2). MS data were processed with Dia-
NN (v1.8) and searched against in silico pre-
dicted mouse or human spectra (3).

Standard bulk proteomics: Proteomics sample
preparation was done according to a published
protocol with minor modifications(4). In brief,
5x106 cells in biological duplicates were lysed
under denaturing conditions in 500 pl of a buf-
fer containing 3 M guanidinium chloride (Gdm-
Cl), 10 mM tris(2-carboxyethyl)phosphine, 40
mM chloroacetamide, and 100 mM Tris-HCI pH
8.5. Lysates were denatured at 95°C for 10 min
shaking at 1000 rpm in a thermal shaker and
sonicated in a water bath for 10 min. 100 pl
lysate was diluted with a dilution buffer contain-
ing 10% acetonitrile and 25 mM Tris-HCI, pH
8.0, to reach a 1 M GdmCI concentration.
Then, proteins were digested with LysC
(Roche, Basel, Switzerland; enzyme to protein
ratio 1:50, MS-grade) shaking at 700 rpm at
37°C for 2 hours. The digestion mixture was
diluted again with the same dilution buffer to
reach 0.5 M GdmCl, followed by a tryptic diges-
tion (Roche, enzyme to protein ratio 1:50, MS-
grade) and incubation at 37°C overnight in a
thermal shaker at 700 rpm. Peptide desalting
was performed according to the manufacturer’s
instructions (Pierce C18 Tips, Thermo Scientif-
ic, Waltham, MA). Desalted peptides were re-
constituted in 0.1% formic acid in water and
further separated into four fractions by strong
cation exchange chromatography (SCX, 3M
Purification, Meriden, CT). Eluates were first
dried in a SpeedVac, then dissolved in 5% ace-
tonitrile and 2% formic acid in water, briefly vor-
texed, and sonicated in a water bath for 30
seconds prior injection to nano-LC-MS/MS.
LC-MS/MS was carried out by nanoflow re-
verse phase liquid chromatography (Dionex
Ultimate 3000, Thermo Scientific) coupled on-
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line to a Q-Exactive HF Orbitrap mass spec-
trometer (Thermo Scientific), as reported previ-
ously(5). Briefly, the LC separation was per-
formed using a PicoFrit analytical column (75
pum ID x 50 cm long, 15 pym Tip ID; New Objec-
tives, Woburn, MA) in-house packed with 3-um
C18 resin (Reprosil-AQ Pur, Dr. Maisch, Am-
merbuch, Germany).

Raw MS data were processed with MaxQuant
software (v1.6.10.43) and searched against the
mouse proteome database UniProtKB with
55,153 entries, released in August 2019. The
MaxQuant processed output files can be found
in Table S1, showing peptide and protein identi-
fication, accession numbers, % sequence cov-
erage of the protein, g-values, and label free
quantification (LFQ) intensities.

Differential expression analysis: The Differen-
tial Enrichment analysis of Proteomics data
(DEP) package v1.16.0 was used in R for pro-
teomics data preparation and the statistical
analysis(6). For human iPSCs, the label free
quantification (LFQ) values were filtered. Only
proteins quantified in both replicates of at least
one condition were kept. Number of proteins
kept after filtering: 4470 in PXGL, 4615 in
RSeT, 5872 in primed conditions. For mouse
ESCs, only proteins quantified in at least 2 out
of 3 replicates of at least one condition were
kept. A total of 4,783 proteins were kept after
filtering. Both human and mouse proteomics
data was background-corrected and normal-
ized by variance stabilizing transformation.
Missing values were imputed using random
draws from a Gaussian distribution centered
around a minimal value. Proteins with a p.adj <
0.05 and |log2FC| > 1 were considered differen-
tially expressed. The differential protein ex-
pression analysis results of the human PSCs
and mouse ESCs can be found in Table S2.
Scatter plots: The global change in proteome
profile was displayed by the mean LFQ values
in normal vs paused iPSCs and were generat-
ed using ggplot2.

GO term analysis: To identify enriched Biologi-
cal Processes, Gene Ontology analysis in the
clusterProfiler R package was applied on the
differentially expressed proteins (DEPs) with a
p.adj < 0.05 and |log2FC| of >1(7). The Ben-
jamini-Hochberg correction was used to correct
for multiple comparisons and a pvalueCutoff of
0.05 and qvalueCutoff of 0.1 were used. En-
riched biological processes were displayed with
a cnetplot and dotplot. Selected biological pro-
cesses were displayed with ggplot2. A full
overview of the enriched biological processes
is provided in Table S3.

Global proteomics: human-mouse compari-
son

Pairwise protein expression analysis: A total of
2861 proteins were expressed in both human
(PXGL) and mouse data. The log2FC of paused
vs proliferating of all overlapping proteins was
plotted with ggscatter and the Spearman’s Rho
correlation coefficient was calculated.

Pairwise pathway expression analysis: KEGG
(8) pathways containing at least 10 genes
symbols were included in the pairwise pathway
expression analysis. A total of 146 pathways
were shared between mouse and human data.
The pathway expression value was defined as
the mean log2FC of proteins between paused
and proliferating mouse ESCs and human
naive iPSCs, or between different culture con-
ditions for human PSCs. Pathway and gene
log2FC for human and mouse are provided in
Table S4. The mean log2FC for each pathway
for human and mouse data was plotted with
ggscatter and the Spearman’s Rho correlation
coefficient was calculated.

Pseudotime analysis
Data was filtered with only those proteins re-

maining that were expressed in both samples
of at least one condition. Data was normalised
and missing values were imputed using ran-
dom draws from a Gaussian distribution cen-
tred around a minimal value with the DEP
package. Proteins expressed in both the hu-
man and mouse ES cells were used to com-
pute a diffusion map pseudotime with the des-
tiny package (v3.10) in R (version 4.2.1). The
species-specific data was used to generate a
pseudotime based on the ranked diffusion
component, using destiny package.

Human blastoid formation

Naive hPSCs were cultured under humidified
conditions at 37°C in an incubator with 5% O2
and 5% CO2. Naive H9 hPSCs were cultured
on mitotically inactivated mouse embryonic fi-
broblasts (MEFs) in PXGL medium. The medi-
um was changed every day. The cells were
passaged 4 d before blastoid formation. Blas-
toids were formed as previously published with
minor modification (9, 70). After 4 days, blas-
toids were treated with 100, 200 and 300 nM
RapaLink-1 (73), 200 nM INK128, 100 and
1000 ng/ml cycloheximide. The phase-contrast
images were acquired using Thermo Fisher
scientific EVOS cell imaging system. The num-
ber of blastoids in the microwells were counted
manually for each well every day. For the sur-
vival curves, only visible blastoids in the mi-
crowells were counted.
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Blastoid reactivation after pausing

Paused blastoids were reactivated by culturing
them in an extended culture condition previous-
ly published for human blastoids (70). Blastoids
were selected using a mouth pipette, washed
with CMRL1066 medium and transferred into
wells of a 96-well plate coated with Matrigel
containing pre-equilibrated media. For the first
day, the culture medium was CMRL1066 (74)
supplemented with 10% (v/v) FBS, 1 mM L-glu-
tamine (Gibco), 1x N2 supplement, 1x B27
supplement, 1 mM sodium pyruvate (Sigma)
and 10 uM Y27632. After 24 h, half of the
medium was replaced with a new medium in-
cluding 5% Matrigel. After 48h, 50% of medium
was replaced with a new medium supplement-
ed with 20% (v/v) FBS and 5% Matrigel. After
72h, half of the medium was replaced with a
new medium supplemented with 30% (v/v)
KSR and 5% Matrigel. Cultures were fixed for
staining after 2 or 4 days of culture with 4%
PFA.

Immunofluorescence microscopy

Blastoids were collected using mouth pipette
and transferred to U-bottomed 96-well plates
(Merck, BR701330). Once the structures had
settled, the medium was washed twice with
PBS and fixed with 4% PFA for 30 min at room
temperature, followed by three 10 min washes
with PBS. PBS containing 10% normal donkey
serum and 0.3% Triton X-100 was used for
blocking and permeabilization for 3h at room
temperature. The primary antibody was incu-
bated at 4 °C in blocking/permeabilization solu-
tion with gentle shaking and washed at least
three times with PBS containing 0.1% Triton X-
100 for 10 min. The secondary antibody was
diluted in PBS containing 0.1% Triton X-100
and incubated at room temperature in the dark
for 1 h. Then, the blastoids were washed three
times with PBS containing 0.1% Triton X-100
for 10 min and prepared for imaging. For imag-
ing, the blastoids were placed in a glass-bot-
tomed plates. Confocal IF images of blastoids
were acquired with an Olympus 1X83 micro-
scope with Yokogawa W1 spinning disk (Soft-
ware: CellSense 2.3; camera: Hamamatsu
Orca Flash 4.0). The confocal images were
analyzed, and display images were exported
using FIJI 1.53k or Bitplane IMARIS 9.7.0 soft-
ware. For cell counting, Bitplane IMARIS soft-
ware was used. Cell count parameters were
set for size and fluorescence strength of voxels
and then overall cell count data was obtained
for each image using the IMARIS spot
function.
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