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Acquisition of specific cell shapes and morphologiesis a central component of
cell fate transitions. Although signalling circuits and gene regulatory networks
thatregulate pluripotent stem cell differentiation have been intensely studied,
how these networks are integrated in space and time with morphological
changes and mechanical deformations to control state transitions remains
afundamental open question. Here we focus on two distinct models of
pluripotency, preimplantation inner cell mass cells of human embryos and
primed pluripotent stem cells, to discover that cell fate transitions associate
with rapid, compaction-triggered changes in nuclear shape and volume. These
phenotypical changes and the associated active deformation of the nuclear
envelope arise from growth factor signalling-controlled changes in cytoskeletal
confinement and chromatin mechanics. The resulting osmotic stress state triggers
globaltranscriptional repression, macromolecular crowding and remodelling of
nuclear condensates that prime chromatin for a cell fate transition by attenuating
repression of differentiation genes. However, while this mechano-osmotic
chromatin priming has the potential to accelerate fate transitions and
differentiation, sustained biochemical signals are required for robust induction of
specific lineages. Our findings uncover a critical mechanochemical feedback
mechanism that integrates nuclear mechanics, shape and volume with
biochemical signallingand chromatin state to control cell fate transition dynamics.

The deployment of transcriptional programmes during earlyembryo-  (ICM), or postimplantation epiblast, respectively**. Pluripotency can

genesisistightly coordinated with morphological transformations of
cells to control the maintenance of pluripotency and commitment to
the first cell lineages'. Pluripotency is a transient developmental fea-
ture, but can be capturedinin vitro cultured human pluripotent stem
(hPS) cells, including embryonic stem (hES) and induced pluripotent
stem (hiPS) cells. These cells can be maintained in states of naive or
primed pluripotency, resembling the late blastocyst inner cell mass

be seen as a continuum of state transitions*, during which hPS cells
undergo global changes in transcriptional programmes, triggered by
context-dependent growth factor signals®™°.

During the transition from pluripotency to specific cell line-
ages, hPS cells also undergo distinct morphological and mechani-
cal changes'*"™2, Studies in other systems show that morphological
and volumetric changes can also regulate gene expression through
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mechanosensitive signalling pathways such as the YAP pathway® ™.

Besidesactivatingintracellular signalling, extrinsic mechanical forces
and osmotic pressures canalso directly deformthe cell nucleus, driving
the adaptation of nuclear morphology and genome architecture'®2°.
Beyond these mechanosensitive effects on transcription, the role of
mechanical properties of the nucleus and chromatin in gene regula-
tion is less understood. On the scale of the entire nucleus, chromatin
behaves like an elastic solid, but on the scale of chromatin domains it
displaysliquid-like properties”**. These rheological properties influ-
ence the dynamics of molecular processes—for example, by altering
chromatin fibre interactions driven by chromatin remodellers, which
caninturnregulate genomeactivity?>”. Onalarger scale, mechanisms
such asremodeller-and ATP-dependent chromatin stirring may facili-
tate protein access to dense heterochromatic regions, although the
physiological relevance remains unclear”. Thus, how cell shape tran-
sitions, nuclear mechanical and volumetric properties are integrated
duringlineage transitions toinfluence chromatinand gene expression
presents afundamental open question.

Here, we use hPS cells to investigate how morphological and
osmotic changes are integrated with biochemical signalling and gene
regulatory networks to gate cell fate transitions. We find that cell
fate transitions in the ICM of human preimplantation embryos and
three-dimensional (3D) blastoid embryo models are associated with a
decreaseinnuclear volume, accompanied by a transient osmotic stress
response. Mechanistic studiesin primed hiPS cells reveal that removal
of growth factors that maintain pluripotency generates mechanicaland
osmoticstresses thatactinconcertto modulate nucleoplasmic viscos-
ity and nuclear stiffness. Consequently, macromolecular crowding and
biomolecular condensate remodelling prime chromatin for a cell fate
transition. We propose that mechano-osmotic reprogramming of the
nuclear environment tunes differentiation efficiency by lowering the
energy barrier for cell fate transitions.

Results

Exit from pluripotency is associated with mechano-osmotic
remodelling of the nucleus

The first embryonic cell lineage segregation to either trophoblast or
ICM is observed when the embryo proceeds from the morulato early
blastocyststage®®*°. The ICM then segregates into epiblast and hypo-
blast where the epiblast expresses pluripotency-associated transcrip-
tion factors OCT4 and NANOG, whereas the hypoblast expresses SOX17,

GATA6, GATA4 and PDGFRA****, To obtain insights into morphological
transitions that accompany early human development, we quantified
nuclear shapes during ICM lineage transitions. We obtained surplus
human embryos (five embryos) donated for research. These embryos
were morphologically staged, after which whole-mountimmunostain-
ings were performed of NANOG and GATA6, together with DAPIl and
Lamin-B1to mark chromatin and the nuclear lamina (Fig. 1a). Using
3D segmentation, we observed that the nuclei of GATA6-high cells had
reduced volumes and increased surface-to-volume ratios compared
with NANOG-high cells, indicative of flattening or deformation (Fig. 1b).
Intriguingly, we noted the presence of actin structures that correlated
with nuclear deformation (Fig. 1c).

We next asked if the observed nuclear shapes were relevant to
cell fate transitions and which stimuli could be driving these changes.
For this, we generated 3D blastoids from naive hES cells*. Similarly to
humanembryos, the emerging GATA6-positive cells within the blastoid
ICM displayed reduced nuclear volumes. In addition, they showed
activation of the osmosensitive kinase p38 mitogen-activated protein
kinase (MAPK)*** as an indicator of osmotic stress (Fig. 1d).

To determine if mechano-osmotic nuclear transitions occur as a
cause or consequence of exit from pluripotency, we turned to cellular
models of primed pluripotency. Morphometric analyses revealed that
differentiation of hiPS cells (Allen Institute) from primed pluripotency
into the three germ layers was accompanied by reduction in nuclear
volume and flattening (Fig. le-g and Extended Data Fig. 1a-d), paral-
leling observations in mouse ES cells exiting naive pluripotency®.

To understand the source of mechano-osmotic stress, we plated
amixture of endogenously tagged SOX2 and LMNB1 hiPS cell reporter
lines on two-dimensional (2D) micropatterns (also termed 2D gas-
truloids)* to generate sparse mosaicism for tracking and resolving
single nuclei or cells for segmentation, and triggered differentiation
by removing ROCK inhibitor and adding BMP4 (Fig. 1h,i). Live imag-
ing revealed that 6-8 h after removing ROCK inhibitor/adding BMP4,
before lineage selection, the hiPS cell colony displayed collective
compaction (Fig. 1i,j and Supplementary Video 1). This was followed
by reflattening, and finally the emergence of the expected radial dif-
ferentiation pattern® (Fig. 1h,i). Importantly, strongest compaction
was accompanied by transient nuclear deformation (Fig. 1i,j and Sup-
plementary Video1). Giventhat mechanosensitive transcription factors
aid in embryonic cell fate specification'>?****°*! and reported nuclear
deformation as the critical factor activating YAP*’, we monitored

Fig. 1| Exit from primed pluripotency is associated with mechano-osmotic
remodelling of the nucleus. a, Representative images (from five embryos) and
quantification of nuclear volume in human preimplantation stage embryos
stained for DAPI, Gata6, Nanog and LaminB1. b, Nuclear volume of Gata6-high
cellsinthe ICM (scale bars, 50 and 5 pm; n =20 (Gata high), 16 (Nanog high) nuclei
pooled across 5embryos; mean +s.d.; Mann-Whitney). ¢, Representative images
of human preimplantation stage embryos stained for DAPI, Nanog and F-Actin
(phalloidin). Note actin-rich bleb-like structures with corresponding nuclear
deformation (scale bars, 20 and 10 um; images representative of 3 embryos).

d, Representative images and quantification of nuclear volume and
phosphorylated p38 (p-p38) in Gata6-positive and Gata6-negative ICM cells
from human blastoids generated from naive hiPS cells stained for Gataé6, Oct3/4
and pp38 (scale bar, 100 pm; n = 6 blastoids representing 33 (Gataé high) and

76 (Gataé6 low) nuclei for volumes and 26 (Gataé high) and 126 (Gataé low) for
p-p38intensity, respectively; paired t-test). e, Representative top views (x-y), 3D
reconstructions and cross-sections (z), of Sox2-GFP-tagged hiPS cells undergoing
ectodermal differentiation for the indicated timepoints (representative of
3independent experiments; scale bars, 15 um). f, Quantification of nuclear
height from hiPS cells undergoing ectodermal differentiation for the indicated
timepoints (n =3 independent experiments with 360 (t = 0), 591 (t=8),

656 (t=24),1,086 (¢t = 48) total nuclei/timepoint; Kruskal-Wallis/Dunn’s).

g, Quantification of nuclear volume from hiPS cells undergoing trilineage
differentiation for the indicated timepoints (n = 3independent experiments with
903,946,1,771and 1,636 (ectoderm O, 8,24 and 48 h, respectively); 334, 437, 816

and 741 (mesoderm 0, 8,24 and 48 h, respectively); and 393, 416, 709 and 835
(endoderm 0, 8,24 and 48 h, respectively) total nuclei/condition; Kruskal-Wallis/
Dunn’s). h, Representative immunofluorescence images of Sox2-GFP-tagged
hiPS cells on 2D micropatterns treated with BMP4 for the indicated timepoints
and stained for Brachyury and Nanog. Note radial pattern of differentiation at

48 h (scale bars, 100 um; n = 3 independent experiments). i,j, Representative
snapshots (i) and quantification of nuclear deformation and Sox2 intensity
dynamics (j) from live imaging videos of mosaic micropatterns with Sox2-GFP
and LaminB1-RFP hiPS cells treated with BMP4 for the indicated timepoints. Note
transient compaction of colony, accompanied by nuclear deformation before
appearance of radial differentiation pattern (scale bars, 100 pm; n = 9 gastruloids
pooled across 4 independent experiments; mean +s.d.). k,I, Representative
immunofluorescence images (k) and quantification (I) of LaminB1-RFP-tagged
hiPS cells on 2D micropatterns treated with BMP4 for the indicated timepoints of
maximal colony compaction and stained for p-p38 and YAP. Note transient YAP
and p38 activation at pattern centres as well as sustained YAP and p38 activation
within edge cells (scale bars, 100 pum; n =9 (9 h)/10 (rest) 2D gastruloids pooled
across 3independent experiments with1,278,1,918 and 3,203 (6 h centre, mid and
edge, respectively); 1,249,1,881and 3,135 (7 h centre, mid and edge, respectively);
1,388, 2,155and 3,590 (8 h centre, mid and edge, respectively);1,363,2,054

and 3,421 (9 hcentre, mid and edge, respectively); and 1,260,1,898 and 3,750

(10 hcentre, mid and edge, respectively) total nuclei/condition; minimum-to-
maximum box plots show 75th, 50th and 25th percentiles; ANOVA/Dunnett’s).
a.u., arbitrary units; diff, differentiation; nuc, nucleus; cyto, cytoplasm.
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nuclear YAP levels during the compaction of the colony, and observed
high YAP activity in early phases of contraction, followed by inactiva-
tion (Fig. 1k,1). Compaction was further associated with activation of
the osmosensitive kinase p38 MAPK at the centre of the patterns, where
changes in nuclear shapes were most substantial (Fig. 1k,1). The edge
cells showed sustained deformation nuclei and sustained patterns of
YAP and p38 activation (Fig. 1k,1). To confirm that colony compaction
caused these responses, we enhanced contractility using Calyculin
A®and observedincreased nuclear deformation, volume loss and p38
activation (Extended Data Fig. 1e,f).

Collectively, these experiments demonstrated that pluripotency
exit and cellular compaction is characterized by transient nuclear
deformation, volume loss and amechano-osmotic stress response.

Mechano-osmotic nuclear remodelling is a rapid response to
growth factor removal

To understand the temporal dynamics and molecular mechanisms of
mechano-osmotic nuclear changes preceding pluripotency exit, we
analysed theimmediate response of nuclear volume to removal of FGF2
and TGF-B1that maintain primed pluripotency in hiPS cells**. Replacing
the pluripotency-maintenance medium with basal medium lacking
these growth factors resulted in rapid reduction of nuclear volume
within15 min of media change, despite unchanged media osmolarities
(Fig. 2a and Extended Data Fig. 2a). This effect was mainly driven by
FGF2removal, asadding FGF2 to the basal medium prevented nuclear
volumeloss, while adding TGF-B1 had aless prominentimpact (Fig. 2a).
Consistent with observations in the differentiation experiments (Fig.1),
removal of pluripotency-maintaining growth factors triggered a subtle
but robust activation of p38, and this activation was counteracted by
adding FGF2 into the medium (Extended Data Fig. 2b).

Toinvestigate the mechanisms of this rapid, minute-scale nuclear
volume change triggered by growth factor removal, we analysed
nuclear envelope mechanics by quantifying nuclear envelope fluc-
tuations using fast imaging of LaminB1-RFP hiPS cells***®. Nuclear
envelope fluctuationsincreased immediately following the removal of
pluripotency-maintaining growth factors, appearing within minutes of
the medium exchange (Fig. 2b and Supplementary Video 2). Similarly to
the decreaseinnuclear volume, nuclear fluctuations were controlled by
growthfactors, specifically FGF2 (Fig. 2b and Supplementary Video 2).

Given therapid timescale and knowninteractions between growth
factorsignalling and cytoskeletal remodelling*’, we hypothesized that
nuclear envelope fluctuations resulted from the perinuclear cytoskel-
etonactively deformingthe nucleus. Indeed, liveimaging revealed two
key actinstructures: ataut perinuclear actinring that encapsulates the
nuclear envelope, and dynamic intercellular cavities resembling ‘micro-
lumens’ that actively deform the nucleus (Fig. 2c and Supplementary
Video 3). Occasionally, membrane blebs, frequently associated with
mitotic cells, also correlated with nuclear deformations (Fig. 2c and
Supplementary Video 3).

Consistent with active forces driving nuclear fluctuations, enhanc-
ing contractility using Calyculin Aresulted in amplified nuclear enve-
lope fluctuations (Fig. 2d and Supplementary Video 4). However, while
complete actin cytoskeleton depolymerization with Cytochalasin
D reduced fluctuations, combined disruption of microtubules and
F-actin unexpectedly accelerated them (Fig. 2d and Supplementary
Video 4). This indicated that the cytoskeleton plays dual roles—both
actively deforming and confining the nucleus—and suggested the
presence of cytoskeleton-independent processes. We investigated
whether internal forces from chromatin contribute to these fluctua-
tions, as previously suggested*. We depleted cellular ATP to block
energy-dependent processes including chromatin remodelling and
found substantially reduced nuclear envelope dynamics (Fig. 2d and
Supplementary Video 4). Collectively, these findings supported a
model where fluctuations reflect the dynamic force balance between
cytoskeletal and intranuclear processes.

To examine the relationship between cytoskeletal confinement
andintranuclear forces, we used acompression bioreactor to confine
hiPS cell colonies to a height of 5 um, resulting in nuclear flattening
with a 30-40% decrease in nuclear height (Fig. 2e). We found that,
while mechanical compression altered nuclear fluctuations, their
dynamics were strongly dependent on the growth factor signalling.
In pluripotency-promoting media, compression slowly attenuated
nuclear envelope fluctuations and increased tautness. By contrast, in
basal medialacking pluripotency growth factors, we observed abipha-
sic response: an initial rapid decrease in fluctuations with increased
nuclear wrinkling, followed by amplified nuclear envelope fluctuations
over longer timescales (Fig. 2e,f). Intriguingly, growth factors also
controlled therates of nuclear volume loss triggered by extrinsic com-
pression. In basal media, hiPS cell nuclei exhibited rapid volume loss
followed by a quick recovery. By contrast, nucleiin pluripotency media
showed agradual volume decrease that peaked after 30 min of confine-
ment (Fig. 2g). These distinct volume change kinetics closely paralleled
patternsin nuclear fluctuations. This suggested that osmotic forces
could regulate nuclear fluctuations, where volume loss would attenu-
ate fluctuations and volume recovery accelerate them. To directly
test this, weinduced hypertonicstress, which triggered rapid nuclear
volumeloss and wrinkling (Extended DataFig. 2c). As predicted, hyper-
tonic treatment temporarily ceased nuclear fluctuations regardless
ofthe biochemical environment. Uponreturn toisotonic conditions,
the fluctuations resumed, with amore substantial recovery observed
in basal media (Extended Data Fig. 2d). Collectively, this indicated
that nuclear fluctuations mirror the dynamics of osmotic changes
within the cell.

As the results implicated both active cytoskeletal confinement
and intranuclear osmotic changes in determining nuclear dynam-
ics, we determined nuclear and chromatin composite stiffness by
atomic force microscopy (AFM)-mediated force indentation spec-
troscopy”’. Removal of pluripotency factors triggered nuclear stiffen-
ing within 5 min of perturbation (Fig. 2h). This effect was controlled
by growth factors: adding FGF2 to basal medium prevented stiffen-
ing, while TGF-1 had milder effect, and combining both restored
the pluripotent nuclear mechanical state (Fig. 2h). Similar nuclear
stiffening was observed when nuclear volume loss was induced by
hypertonic shock (Extended Data Fig. 2e), suggesting that nuclear
stiffening could be triggered by osmotic stress. Nuclear stiffening was
also observed in cells where actin was depolymerized using Cytocha-
lasin D (Extended Data Fig. 2f), confirming that growth factor removal
impacted nuclear stiffness directly and not through modulating acto-
myosin organization. We asked whether this rapid stiffening was due
to changes in nucleoplasmic or chromatin viscosity caused by osmotic
stress. To measure the rheological properties of the nucleoplasm,
we utilized nuclear genetically encoded multimeric nanoparticles
(nucGEMs)*8, Analysis of the mean square displacement of nucGEMs
showed reduced diffusion and increased confinement in basal condi-
tions compared with pluripotency medium (Fig. 2i-k and Supplemen-
tary Video 5), indicative of increased viscosity and macromolecular
crowding in response to osmotic stress.

To determine whether YAP activity was regulated by nuclear
tautness or flattening or by osmotic stress, we compared YAP
dynamics between hyperosmotic shock and compression. Live
imaging of hiPS cells with endogenously Halo-tagged YAP revealed
a salt-and-pepper-like pattern of active YAP in the nucleus at steady
state (Fig. 21 and Supplementary Video 6). Hypertonic stress did not
substantially alter this localization pattern but rather triggered YAP
relocalization to cell-cell borders (Extended Data Fig. 2g), indicating
nuclear entry of YAPis not directly controlled by nuclear volume loss.
By contrast, compression in pluripotency growth factors increased
YAP nuclear entry (Fig. 2m and Supplementary Video 6), consistent
with previous reports implicating nuclear deformation as a criti-
cal signal for YAP activation*>*, Interestingly, the same mechanical
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manipulationinthe absence of these growth factors failed to strongly
activate YAP, indicating that growth factor-controlled nuclear mechan-
icsgate YAP activation (Fig. 2I,m). Consistently with such thresholding
activity, subjecting hiPS cells to greater deformation (3 pm instead
of 5 um) resulted in YAP activation in the absence of growth factors
(Extended Data Fig. 2h). Importantly, this effect was specific to YAP
as compression decreased nuclear levels of GFP fused to a nuclear
localisation signal (NLS-GFP) used as the control (Extended Data Fig. 2i).

Compression (min) Compression (um)

Collectively, these experiments demonstrated the mechano-
osmotic changes observed upon exit from pluripotency are directly
controlled by pluripotency-maintaining growth factors. Transient
nuclear deformation and volume loss result from a composite effect
of active forces from the perinuclear cytoskeleton and intranuclear
osmotic changes characterized by increased chromatin viscosity and
macromolecular crowding. The osmotic changes manifest as altered
force balances across the nuclear envelope, leading to fluctuations,
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Fig. 2| Mechano-osmotic nuclear remodelling is a rapid response to FGF2
removal. a, Quantification of change in nuclear volume upon exposure to
culture medium/growth factors indicated (n = 4 independent experiments
with 953 (Pluripotency; Pluri), 1,157 (Basal), 851 (FGF2) and 882 (TGF-f1) nuclei
per condition; minimum-to-maximum box plots show 75th, 50th and 25th
percentiles; Kruskal-Wallis/Dunn’s). b, Representative projections of nuclear
envelope fluctuations as a function of time upon pluripotency factor removal
and adding back specific growth factors. Note that removal of pluripotency
factors triggers fluctuations that can be rescued by adding back TGF-B1

and FGF2 (scale bars, 5 um; n =301 (Pluri), 268 (Basal), 320 (Basal + FGF),

382 (Basal + TGF-f31) and 386 (Basal + FGF2/TGF-B1) nuclei pooled across 3
independent experiments; ANOVA/Dunnett’s). c, Representative snapshots
and line scans of live imaging videos of LaminB1-RFP-tagged hiPS cellsin

basal medium, stained with FastAct and memGlow to label actin and plasma
membrane, respectively. Left: perinuclear actin rings surrounding nuclei

and intercellular cavities corresponding nuclear deformation. Right: blebs
derived from a mitotic cell deforming the nucleus of a neighbouring cell (scale
bars, 10 um; images representative of 5 videos). d, Quantification of nuclear
fluctuations from cells in basal medium with or without inhibitor treatments as
indicated (n = 812 (Basal), 267 (Calyculin A (Calyc)), 357 (CytochalasinD (CytoD)),
522 (CytoD + Nocodazole (Nocod.)) and 998 (ATP-depleted) nuclei per condition
pooled across 3 independent experiments; ANOVA/Dunnett’s). e,f, A schematic
of the experimental outline, representative images (e) and quantification (f)

of nuclear envelope fluctuationsin cells compressed (Comp) in pluripotency
or basal medium for timepoints indicated. Note decreased fluctuationsin
pluripotency condition and an increase in basal medium (scale bars, 10 pm;

n=3independent experiments with 318,337,355 and 207 (Pluripotency 0, 5,
15and 30 min, respectively) and 350,188,320 and 151 (Basal 0, 5,15 and 30 min,
respectively) total nuclei per condition; ANOVA/Fischer’s). g, Quantification

of nuclear volume dynamics from of Sox2-GFP-tagged hiPS cells live imaged
directly after amedia change into pluripotency or basal medium, followed by
compression. Line represents median volume and individual dots are average
colony volumes at indicated timepoints (n =10 colonies per condition pooled
across 6 independent experiments). h, AFM force indentation experiments of iPS
cell nuclei within 20 min of media switch. Note increased elastic modulus of cells
in basal media conditions, restored by adding FGF2 (n = 69 (Pluri), 71 (Basal), 76
(Basal + FGF2), 85 (Basal + TGF-B1) and 74 (Basal + FGF + TGF-f1) nuclei pooled
across Sindependent experiments; Kruskal-Wallis/Dunn’s). i, Representative
tracks of nucGEM particles. Colours represent average rate of diffusion

per tracked particle (scale bars, 5 um).j,k, Quantification of mean squared
displacement (MSD) versus lag time (tau t/s per nucGEM particle (j) and nucGEM
diffusion (D) and diffusivity exponent 3 (k) (n = 260 (Pluri) and 370 (Basal) cells
pooled across 4 independent experiments; mean + s.d.; Kruskal-Wallis/Dunn’s).
I,m, Representative snapshots of liveimaging and quantification of HALO-tagged
endogenous YAP localization (I) and nuclear height (m) in cells compressed

to 5 um heightin pluripotency or basal medium. Note YAP nuclear entry in
pluripotency condition but not in basal medium upon compression (scale bars,
30 um; 1, n =3 independent experiments with 127 (Pluri) and 101 (Basal) total cells
per condition; m, n =56 cells (Pluriuncompressed), 42 (Basal uncompressed),

34 (5 um Pluri), 47 (5 pm Basal), 37 (3 um Pluri) and 41 (5 pm Basal) cells pooled
across 3 independent experiments; ANOVA/Friedman).

whereas mechanical changes—possibly related to nuclear envelope
tension—trigger YAP activity.

Osmotic component of nuclear flattening primes chromatin
for spontaneous differentiation
We next asked whether the observed mechano-osmotic changes
in the nucleus impact cell fate transitions. To test this, we flattened
cells in pluripotency medium for 5 or 30 min using the compression
bioreactor (Fig. 3a) and characterized immediate cellular responses
and potential heterogeneity by measuring genome-wide chroma-
tin accessibility and transcription (single-cell multiome assay for
transposase-accessible chromatin using sequencing (ATAC-seq) and
RNA sequencing (RNA-seq); 10x Genomics platform). We also exam-
ined the long-term reversibility of potential changes by analysing a
recovery condition 24 h after the 30 min compression. After 5 min
of compression, we detected changes in chromatin accessibility and
gene expression that became more prominent after 30 min (Fig. 3b,
Extended Data Fig. 3a and Supplementary Table 1). This response was
robust and stereotypic, as indicated by a cluster consisting almost
exclusively of 30 min compressed cells predominantly in the ATAC-seq
dataset (Fig. 3b), whereas the 24 h recovery condition clustered with
uncompressed cells.

Overallchromatinaccessibility reduced, with 5,131 regionslosing
accessibility and only 157 gaining accessibility at 30 min. To elucidate
regulatory circuits between chromatin changes, transcription factors

and gene expression, we applied SCENIC+ analyses® to detect inte-
grated gene regulatory networks after 5 or 30 min of compression
and after 24 h recovery. The coregulator of the mechanosensitive
transcription factor YAP, TEADI1 and the mechanosensitive POU2F1
(Octl)” were upregulated regulons at 5 min of compression (Fig. 3¢),
while regulatory networks downstream of master pluripotency tran-
scription factors, including SOX2, SOX4 and TCF4, and key master
regulators of stress responses JUND, ATF4 and NRF2 peaked slower
after 30 min of compression (Fig. 3c). Overall, chromatin accessibility
and gene expression changes appeared largely reversible as the 24 h
recovery condition closely resembled the control condition (Fig. 3b,c).
Notably, noinduction of apoptosis/necrosis genes, effects on cell cycle
or altered regulation of nutrient and hypoxia-sensitive genes were
observed (Extended Data Fig. 3b,c), indicating that compression did
not trigger damage or cell death, influence cell cycling or prevent cell
access to nutrients and oxygen.

To investigate the relationship between nuclear deformation
and pluripotency, we used chromVAR® to predict transcription factor
‘activity’ based on the enrichment of binding motif's for increasingly
accessible chromatin regions following compression-driven nuclear
flattening. The strongest signature came from TEAD1-4-targeted
motifs, as well as the SOX, POUF and SIX families of transcription
factors involved in gastrulation, indicative of chromatin priming
towards exit from pluripotency (Extended Data Fig. 3d). Differential
gene expression analyses confirmed that genesinvolvedinregulating

Fig. 3| Nuclear flattening primes chromatin for spontaneous differentiation.
a, Representative top views, side views and 3D reconstructions of LaminB1-
RFP-tagged hiPS cells subjected to compression (scale bars, 10 um; images
representative of sixindependent experiments). b, UMAP of scRNA- and
scATAC-seq from hiPS cells subjected to compression for timepoints indicated.
¢, Aheatmap of predicted regulons enriched in compressed cells from SCENIC+
analyses of the multiome data. d, A schematic of experimental outline for
genome-wide mapping of H3K27ac changes. e f, Heatmap (e) and metaplot

(f) analysis of mean H3K27ac levels at active promoters and predicted active
enhancer regions. Note reduction in H3K27ac enrichment at promoters

across all conditions and at enhancersin cells compressed in basal medium or
exposed to hypertonic shock. g, UpSet plot showing an overlap of enhancers
decommissioned in compression and hypertonic shock conditions. h, Venn
diagram and Reactome pathway enrichment of compression-specific and shared

decommissioned enhancers as defined in g. i, A schematic of the experimental
outline for the quantification of the nascent transcriptome. 4sU, 4-thiouridine.
Jj, Quantification of RNA synthesis across conditions from TTseq. Note reduced
synthesis across all conditions compared with pluripotency medium condition
(n=3biological replicates per condition). k, Quantification of total changes in
nascent RNA production across conditions relative to the pluripotency medium
condition (n =log,FC 0f 19,288 genes computed from 3 biological replicates;
Tukey’s box plots show 75th, 50th and 25th percentiles). I, A heatmap of zscores
fromaltered nascent RNA levels of relevant transcripts from TTseq quantified
by DESeq2. Note increased levels of IEGs specifically in cells compressed in
pluripotency medium while key pluripotency and growth factor regulators
arerepressed. Comp, compression; Hyper, hypertonic; Rec, recovery; pluri,
pluripotency.
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the actomyosin cytoskeleton including known YAP target genes
(AMOTL2, TAGLN and CCN2), and genes involved in heat stress and
osmotic stress (HSPAIA, HSPA1B and FOS) were upregulated at 30 min
(Extended Data Fig. 3e). However, in contrast to chromatin profiling,
differential gene expression analysis further revealed that expres-
sion of genesinvolved in pluripotency such as SOX2, 0CT4and DUSP7
were largely unchanged or even mildly upregulated upon 30 min of
compression (Extended Data Fig. 3e,f). Thus, whereas the chromatin
profile indicated priming chromatin towards exit from pluripotency,
activity of predicted transcription factors such as YAP/TEAD and RNA
profiling described a more complex transcriptional state without a
strong signature of loss of pluripotency.

As nuclear flattening by mechanical compression triggered
chromatin priming towards lineage transition but no sustained fate
transition, we reasoned that pluripotency-promoting growth factors
were preventing exit from pluripotency. To test this, we quantified
genome-wide changes in promoter and enhancer states by profiling
the epigenetic mark of active enhancers, H3K27ac, in pluripotency
or basal media with or without compression for 30 min (Fig. 3d and
Extended Data Fig. 4a). To separately evaluate the impact of osmotic
stress, weincluded a hypertonic shock condition. Intriguingly, removal
of pluripotency factors (basal medium) or compressionin pluripotency
medium triggered a decrease in H3K27ac at promoters but had no
strong effect on enhancers (Fig. 3e,f and Extended Data Fig. 4a). By
contrast, compression in basal medium caused a strong reduction of
H3K27acbothat promoters and enhancers, similar to hypertonic shock
(Fig.3e,f). The decommissioned enhancers showed high overlap, with
many enhancers affected by compression in basal media conditions
also changed in hypertonic shock conditions (Fig. 3g,h). Annotating
the enhancers by assigning themto the nearest generevealed that the
shared enhancer changes were enriched for key pluripotency genes
such as SOX2, LIN28A and ZIC3 (Fig. 3h and Supplementary Table 2).
By contrast, compression-specific decommissioned enhancers were
enriched for cytoskeletal regulators and PI3Kinase signalling, whereas
hyperosmotic-specific enhancers showed enrichment for FOXO targets
(Fig.3h, Extended Data Fig. 4b and Supplementary Table 2).

The strong effects of compressionin decommissioning promoters
and enhancers, similar to hypertonic stress, suggested aglobal impact
ontranscription. To quantify this and understand theimmediate tran-
scriptional responses to mechanical deformation in different con-
texts, we analysed the nascent transcriptome (transient transcriptome
sequencing, TTseq*?) after 30 min exposure to pluripotency-promoting
culture conditions or basal medium, with or without compression,
andinresponse to hypertonic shock as control for osmotic regulation
(Fig. 3i). Quantification of RNA synthesis from nascent RNA labelled
duringthelast10 min of perturbationsrevealed reduced levels of global
transcription upon compression and hypertonic shock (Fig. 3j,k). This
transcriptional repression was strongest in compression in pluripo-
tency medium. Further analysis of differential gene expression between
compressed conditions revealed decreased expression of more than

15,000 genes in the compressed pluripotency condition compared
to pluripotency medium control and over 8,000 genes compared
with compression in basal medium, including mediators of differen-
tiation (Extended Data Fig. 5a). Meanwhile, although transcription
was strongly repressed in cells compressed in pluripotency medium,
classical differential gene expression analysis of the nascent tran-
scriptome revealed strong activation of immediate early genes (IEGs;
for example, JUN, FOS and EGR1), a class of genes that are rapidly and
transiently induced in response to stress or growth factor stimuli**~>
(Fig. 31, Extended Data Fig. 5b and Supplementary Table 3). This was
consistent with the multiome analyses showing increased expression of
JUN/FOStargetsin this condition (Extended DataFig.3e).IEG induction
was less apparent upon 30 min compression in basal medium (Fig. 31
and Extended Data Fig. 5¢) pointing to biochemical context depend-
ency of nuclear mechanotransductionin hiPS cells.

The notion of pluripotency-promoting growth factors gating
the transcriptional response to mechanical flattening was supported
by the kinetics of osmosensitive p38 MAPK. While p38 was strongly
activated by compressionin basal medium at 5 min and downregulated
at 30 min, coinciding with transcriptional repression, p38 activation
and transcriptional repression only became apparent in pluripotency
mediumat 30 min of compression, the timepoint of nascent RNA pro-
filing (Extended Data Fig. 5d). Slower p38 activation was consistent
with the kinetics of nuclear volume loss that peaked at 30 min in this
condition (Fig. 2g). Importantly, adding FGF2 into the basal medium
suppressed p38 activation by compression, whereas TGF-$1 did not
have a strong effect, confirming that FGF2 signalling controls the
mechano-osmotic properties of the nucleus and its osmotic response
to deformation (Extended DataFig. 5e).

Collectively these data reinforced that mechanical deformation
of the nucleus has two components: a mechanical component that
impacts YAP activity and cytoskeletal and extracellular matrix gene
expression, and an osmotic stress component sufficient to induce a
chromatin state priming towards exit from primed pluripotency in
hiPS cells. Furthermore, pluripotency growth factor-mediated signals
determine the mechano-osmotic state of the nucleus. In pluripotency
medium, osmotic chromatin priming is weaker and transient, and
while promoters are strongly impacted by compression, enhancers
remain largely unchanged, locking existing cellular fates. Removal of
pluripotency factors enhance the osmotic component of deformation
to efficiently remodel enhancers.

Mechano-osmotic signals control kinetics of lineage
commitment

Todirectly address the role of mechano- and osmosensitive enhancer
remodelling on long-term transcriptional memory and lineage com-
mitment, we performed bulk RNA-seq 24 hafter recovery from 30 min
compression, either in pluripotency maintenance conditions or in
basal medium, comparing these scenarios with hypertonic shock
(Fig. 4a). Principal component analysis revealed that either transient

Fig. 5| Osmotic pressure controls CBX2 condensation to gate gene
repression. a, Heatmap and Euclidian distance dendrogram of differentially
abundant phosphosites quantified by mass spectrometry in cells subjected

to compression (Comp) or hypertonic (Hyper) stress. b, Distance-based
clustering of phosphosites and GO-term analyses show changes specific

or common to the specific stresses. ¢, Example heatmaps of differentially
abundant phosphoproteins fromb. d, Representative snapshots of live

imaging and quantification of CBX2 condensation dynamics from hiPS cells
withanendogenously tagged CBX2allele. Note the rapid dissolution and re-
establishment of condensates upon removal of pluripotency (pluri) factors or
exposure to axial compression or hypertonic shock. Arrows mark dissolving
condensates; dotted arrows mark newly formed condensates (scale bars, 20 pm;
n=136 (Pluri), 172 (Basal), 99 (Comp); 146 (Hyper) total nuclei tracked over time
and pooled across 3 independent experiments; mean * s.e.m.; two-way-ANOVA/
Tukey’s). e, Heatmap and Euclidian distance dendrogram of differential CBX2

occupancy quantified by CUT&Runin cells subjected to removal of pluripotency
factors (basal), compression (comp) or compression in basal medium,
normalized to pluripotency condition. Asterisks mark transcription factors that
control differentiation. f, Reactome analysis of genes in clusters 1and 4 implicate
metal-binding genes with reduced CBX2 occupancy in both basal medium and
basal medium compression condition, whereas differentiation genes show
reduced CBX2in compression in basal medium. g, Representative tracks of genes
withaltered CBX2. h, Model of how intranuclear and cytoskeletal forces influence
hiPS cell exit from pluripotency. Under conditions with pluripotency growth
factors (GFs), nuclear mechanics are maintained and differentiation is prevented
under volumetric stress, restoring pluripotency gene expression. In the absence
of pluripotency GFs, osmotic stress leads to nuclear envelope fluctuations and
CBX2 condensation, priming chromatin for a cell state transition. This ultimately
causes derepression of CBX2 target genes, facilitating exit from pluripotency.
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hypertonic shock or compression triggered distinct long-term tran-
scriptional responses under pluripotency conditions. By contrast,
basal media conditions promoted a transcriptional signature of spon-
taneous differentiation, and compression and hypertonic shock in
basal media conditions led to a highly correlated transcriptional
state (Fig. 4b and Supplementary Table 4). This further supported
that growth factor signalling gates the balance between the mechani-
cal and osmotic components of compression. Furthermore, in the
pluripotency condition, the long-term transcriptional response to
transient compression was less pronounced (65 significantly upregu-
lated genes in pluripotency versus 179 significantly upregulated genes
in basal media conditions; P < 0.05, log,fold change (FC) >1) showing
agene expression signature of FOS and STAT3 transcriptional targets
and genes involved in regulation of cytoskeleton and lipid composi-
tion (Fig. 4c-e and Extended Data Fig. 6a), consistent with the weaker
effect of this perturbation on enhancers. By contrast, transient com-
pression in basal media led to upregulation of a gene regulatory net-
work of ‘non-lineage-specific’ differentiation and downregulation
of pluripotency genes compared with basal media alone (Fig. 4c-e
and Extended Data Fig. 6a,b). A similar activation of differentiation
gene signatures was observed in the hypertonic condition in basal
medium (Extended Data Fig. 6b). The osmosensitive metallothionine
gene family®® was most upregulated in cells transiently compressed
in basal media conditions (Fig. 4c), further indicating the long-term
transcriptional effects of compression resemble hypertonic shock.
Collectively, gene activation profilesindicated that withdrawal of pluri-
potency factors, together with nuclear volumeloss, led to acceleration
of differentiation.

To assess whether osmotic-stress-mediated induction of differen-
tiation gene expression was sufficient to influence long-term lineage
progression, we induced spontaneous differentiation of hiPS cells by
maintaining themin basal medium after 30 min compression or hyper-
tonicshock (Fig. 4f). Strikingly, transient 30 min compression or hyper-
tonic shock in basal media accelerated spontaneous ectodermal-like
differentiation after 96 h (Fig. 4g). Consistent with the notion that the
osmotic component of deformation is driving the effect, exposing
compressed cells to a brief (10 min) hypo-osmotic shock attenuated
the effect of compression in enhancing spontaneous differentiation
(Extended DataFig. 6¢). In line with the transcriptome analyses, tran-
sient 30 min compression in pluripotency medium did not enhance
and evendelayed biochemically induced differentiationinto ectoderm
(Extended Data Fig. 6d). Taken together, hyperosmotic stress, in the
absence of pluripotency factors, accelerates spontaneous exit from
pluripotency. By contrast, osmotic chromatin primingin the presence
of pluripotency factors is not capable of driving cell state transitions
and even has amildly reinforcing effect on the preexisting cell state.

Osmotic pressure controls CBX2 condensation to gate gene
repression

We next sought to unravel the distinct mechanisms by which mechani-
caland osmotic stress gate chromatin priming towards exit or sustained
pluripotency maintenance. To compare these stimuli, we quantified the
phosphoproteome of cells subjected to 5 min of hypertonic shock or
compressionin pluripotency conditions, where the mechanical stress
response dominated the osmotic stress response. Hierarchical cluster-
ing of significantly altered phosphosites revealed clusters either shared
by or specific to either stimulus (Fig. 5a). A small group of phospho-
sites specifically regulated by compression were related to chromatin
remodelling, and compression had a strong impact on the phospho-
rylation of the central component of the NuRD chromatin remodelling
complex, CHD4 (cluster 4; Fig. 5b,cand Supplementary Table 5). CHD4
controls transcriptional repression of specific genomiclociandisunder
the control of YAPY. Interestingly, phosphosites upregulated by both
compression and hyperosmotic shock were related both to chroma-
tin remodelling and negative regulation of transcription (cluster 2;

Fig.5b,cand Supplementary Table 5). Specifically, phosphorylation of
Polycomb repressive complex1(PRC1)*® components were upregulated
(Fig. 5¢). Finally, phosphosites upregulated specifically in response to
hypertonic shock were activators of GTPase activity (mainly cytoskel-
etal proteins such as Vimentin, Pakl, Myo9B and Dock2) and MAPK1,
MAPK3 and MAPK14, corresponding to activation of ERK1/2 and p38
MAPKSs (cluster 3; Fig. 5cand Supplementary Table 5). Taken together,
these results highlight distinct (YAP) and overlapping (PRC1) pathways
activated by compression and hyperosmotic shock, and suggest poten-
tial regulatory mechanisms of chromatin priming.

We asked whether differential YAP and ERK activation observed by
compression versus osmotic stress would explain the enhanced sponta-
neous differentiation observedinthe absence of pluripotency factors.
To this end, we addressed the long-term transcriptional response of
withdrawal of pluripotency factors, combined with transient com-
pression and hypertonic shock (30 min followed by 24 h recovery)
on differentiation gene expression. These experiments confirmed
that the osmotic stress response (indicated by metallothionein gene
induction) and spontaneous differentiation were strongly triggered
by compression in basal medium. Inhibition of ERK and YAP did not
prevent spontaneous differentiation, butinstead enhanced expression
of differentiation genes, especially in the context of compression in
pluripotency medium (Extended Data Fig. 7a). This effect is consistent
with the established role of ERK and YAP in alleviating osmotic and
mechanical stress, respectively’*°. Thus, these experiments suggested
ERK and YAP activation function to mitigate mechano-osmotic stress
and, thus, their downregulation accelerates exit from pluripotency.

As ERK and YAP signalling were not sufficient to explain why
osmotic stress triggers chromatin priming for pluripotency exit,
we returned to examine chromatin regulators phosphorylated in
these conditions. Focusing on protein complexes co-regulated in
the phosphoproteome, we turned to the PRC1 pathway, supported
by the enrichment of target genes of its central component CBX2
in the 24 h recovered transcriptome in response to compression in
basal medium (Fig. 4d). As serine phosphorylation is associated with
propensity to form condensates® and macromolecule concentration
is probably altered by changes in nuclear volume and nucleoplasm
crowdingand viscosity®’, we analysed CBX2 condensationin response
to compression and upon removal of pluripotency factors or induc-
tion of hypertonic stress. To this end, we generated an endogenously
tagged CBX2-GFP allele for live imaging of CBX2 dynamics. Live imag-
ing revealed that removal of pluripotency factors, axial compres-
sion and hypertonic treatment triggered dynamic remodelling of
CBX2 condensates, characterized by dissolution of large condensates,
followed by reassembly (Fig. 5d and Supplementary Video 7). While
these changes were consistent across all manipulations, the dynam-
ics and magnitude of the changes were stress-specific. Hypertonic
stress had the strongest effect in the initial condensate dissolution,
whereas compression showed rapid recovery and individual conden-
sates were larger than in the pluripotency medium control. Immuno-
fluorescence staining of untagged, endogenous CBX2 confirmed the
localization pattern of CBX2 in nuclear condensates and supported
the live imaging data with increased condensation and condensate
redistribution (Extended Data Fig. 7). In response to compression,
remodelled condensates frequently localized to the nuclear periphery
(Extended DataFig. 7b).

The dynamicbehaviour of condensate dissolution and subsequent
reassembly suggested potential derepression of CBX2/PRCl1 target
genes. To test this and the long-term effects of mechano-osmotic
CBX2 condensation, we profiled CBX2 occupancy genome-wide 24 h
after removal of pluripotency-promoting factors with or without an
initial 30-min pulse of compression. As expected, CBX2 was found
occupying differentiation genes as well as known PRC1/2 targets®’
(Extended Data Fig. 7c and Supplementary Table 6). While removal
of pluripotency factors reduced CBX2 occupancy at differentiation
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genes and transcription factors regulating differentiation programmes
(Fig. 5Se, marked by asterisks), the reduction was strongest when a
pulse of axial compression was applied (Fig. 5e,f). Consistent with the
reversibility of chromatin changes observed in the ATAC-seq, com-
pression in pluripotency medium had only a minor effect on CBX2
occupancy long term (Fig. 5e,f). By contrast, upon compression in
the basal medium CBX2 occupancy was substantially reduced at dif-
ferentiation genes and genes repressed by pluripotency factors such
as FOXA1, SOX1 and LHXS, and HOX genes involved in differentiation
(Fig. 5e-g). The osmoresponsive metallothionein gene cluster was
occupied by CBX2, and occupancy was moderately reduced by com-
pression in pluripotency medium, but more strongly affected in the
basal medium or upon compression in the basal medium (Fig. 5e-g).
Finally, to confirm the causative role of CBX2 loss on exit from pluri-
potency, we depleted CBX2 from hiPS cells using CRISPR interference
(CRISPRi)** (Extended Data Fig. 7d). As predicted, depletion of CBX2
accelerated spontaneous differentiation of hiPS cells inbasal medium
(Extended DataFig. 7e), indicating that CBX2 activity maintains pluri-
potency or prevents differentiation.

Collectively these experiments demonstrated that mechano-
osmotic forces trigger redistribution of CBX2 condensates and
genome-wide occupancy, derepressing genes involved in buffering
against osmotic stresses as well as differentiation genes.

Discussion

The highly regulated 3D organization of genomes arises from inter-
actions across scales, from DNA loops to chromatin domains and
higher-order compartments. Despite the dynamics and stochastic-
ity of transcription and variability of chromatin architecture at the
single-cell level, these processes are tightly regulated and gate cell
fate transitions. The dynamic, probabilistic properties of genome
organization have raised questions on how cell states are generated
and maintained among single cells and how cell populations are able
to coordinately transition between states®>°®, Here, we demonstrate
that rapid growth-factor-driven mechano-osmotic remodelling of
chromatin architecture and nuclear mechanics influences lineage
transition in pluripotent cells. We observe that, in addition to con-
trolling specific gene expression programmes on longer time scales,
removal of pluripotency growth factors mediates rapid, minute-scale
changes in the mechano-osmotic state of the nucleus, characterized
by nuclear deformation and decreased nuclear volume, leading to
increased nucleoplasm viscosity and macromolecular crowding. We
propose that the osmotic component of nuclear deformation enhances
accessibility of differentiation genes, and this transient and revers-
ible chromatin remodelling, while not sufficient to facilitate cell fate
conversion, lowers the energy barrier for a signalling factor-driven
cell state change and possibly synchronizes chromatin state of a het-
erogeneous cell population to be equally receptive for the specific
signalling factors (Fig. 5h).

Our data further indicate that nuclear deformation triggered by
mechanical compression has two components: a mechanical com-
ponent that triggers specific enhancer changes and transcriptional
responses probably mediated by mechanosensitive transcription
factors including YAP. The second component is osmotic stress aris-
ing from nuclear volume loss, triggering a transcriptional reset and
chromatin remodelling. Our work identifies the PRC1-CBX2 axis as a
mechano-osmotically sensitive chromatin regulator. Thisis consistent
with previous work showing that components of the CBX2-PRC1 com-
plex form condensates that colocalize with chromatin and with genes
relevant to their function® *’, as well as the importance of condensate
formation as a mechanism to buffer cells from osmotic pressure and
heat stress®.

While a large number of studies have implicated both growth
factor signalling and mechanical forces regulate gene expression, the
epigenome, and cell states>’° 72, it has remained unclear how forces

interplay with biochemical signals to determine transcriptional out-
comes. This study provides a foundation for understanding the role
of mechanochemical feedback loops, where biochemical signals are
capable of altering mechanical properties of the nucleus to change
chromatinstates, while extrinsic forces have the capacity to alter how
biochemical signals are interpreted by cells to impact the kinetics of
cellular state transitions.
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Methods

Human embryos and ethical issues

Collection and experiments on human embryos were approved by
the Helsinki University Hospital Ethics Committee (diary number
HUS/1069/2016). Research permission was approved by the Helsinki
University Hospital Research Committee. Couples that had been
treated for infertility at the Helsinki University Hospital Reproductive
Medicine unit were offered a possibility to donate their cryopreserved
embryos to research after termination of infertility treatments and
expiration of embryo preservation timespan. Human surplus blasto-
cysts were donated for research with aninformed consent, and patients
understood that donating embryos to research is voluntary. Patients
were informed about the research and research methods that were
used to perform the experiments. Patients were not compensated for
embryodonations, and they were offered counselling. Human embryos
were not created for research, nor were they manipulated for research
purposes. The culture of embryos was terminated at blastocyst stage,
thatis, several days before the expected primitive streak formation or
onset of gastrulation. We strictly follow local legislation, ethical guide-
lines and regulations, as well as principles laid outin the International
Society for Stem Cell Research guidelines.

Day 5and day 6 blastocysts (4AA, 4AB or 4BA) vitrified with either
Kitazato Vitrification Media or Cryotech Vitrification Solutions (110,
Cryotech) were warmed with Thawing Media. Cryotech strips (Cryo-
tech) were quicklyimmersed in Thawing Solution at 37 °C for1 min. The
blastocysts were gently aspirated and transferred to Diluent Solution at
roomtemperature for 3 min. Subsequently, blastocysts were transferred
to Washing Solution (WS) 1for 5 minand thento the surface of WS2 and
after sinking to the bottom; this procedure was repeated, after which
they were transferred to culture media (GTL, Vitrolife) and cultured in
aGERlincubator for15-16 h. Allthawing solutions were from Kitazato.

Naive hES cell culture and blastoids

Naive H9 hES cells (WAQ9, Wicell), were converted from primed to naive
pluripotency using NaiveCult Induction Kit (StemCell Technologies),
and cultured on mitotically inactivated CF-1 mouse embryonic fibro-
blasts (Gibco) in NaiveCult Expansion Medium (StemCell Technologies)
inhumidified 5% 0,, 5% CO, at 37 °C. Y-27632 (10 pM; Selleckchem) was
added for the first 24 h.

Blastoids were generated according to established protocols”.
Naive H9 hES cells were dissociated with Accutase (Gibco), inactivated in
0.1%bovine serum albumin (BSA)-DMEM-F12, passed through a40-pum
cell strainer (Corning) and centrifuged at 300g for 5 min. Cells were
plated onto 0.1% gelatin-coated dishes in Naive Cult Expansion Medium
with 10 uM Y-27632 and incubated at 5% O,, 5% CO, at 37 °C for 90 min.
Non-adherent cells were collected, filtered throughacell strainer, resus-
pendedinN2B27basal medium and plated onto Aggrewell 400 (StemCell
Technologies) plates at 6 x 10* cells per well in 500 pl N2B27 with10 pM
Y-27632, 0.3% BSA. Medium was changed 24 h after plating (day 1), and
500 plof 2x PALLY medium was added to each well. On day 2, half of the
medium was replaced with fresh 1x PALLY medium. On day 3, 500 pl of
the mediumwas removed and 800 pl of LY mediumwas added. Onday 4,
800 plofthemediumwasreplaced with fresh LY medium. PALLY medium
consisted of N2B27 basal medium supplemented with1 pM PD0325901
(MedChemExpress), 1 pM A83-01 (MedChemExpress), 10 ng ml™ LIF
(Qkine), 3 uM lysophosphatidic acid (Tocris), 10 pM Y-27632 and 1x
penicillin-streptomycin. LY medium consisted of N2B27 basal medium
supplemented with 500 nM LPA and 10 pM Y-27632 (Selleckchem).

hiPS cells

hiPS cells were from Allen Cell Collection (Coriell). Sox2-GFP-tagged
cells were used for experiments unless indicated otherwise;
LaminB1-RFP and CRISPRi lines were used wherever indicated. Cells
were cultured on Matrigel-coated plates in mTeSR (StemCell technolo-
gies) medium and placed in E6 basal medium (Gibco) at the onset of

experiments wherever indicated, and 5 ng mI™ TGF-Bland 100 ng ml™*
bFGF (both from StemCell Technologies) were supplemented to basal
media whereindicated.

Sox2-GFP hiPS cells were differentiated into mesoderm, endoderm
and ectoderm lineages according to the STEMdiff Trilineage Differ-
entiation protocol (StemCell Technologies, #05230). In brief, cells
were seeded on Matrigel-coated plates 5 x 10* cells cmfor mesoderm
induction or2 x 10° cells cmfor endoderm and ectoderm induction,
and were treated the following day with their respective STEMdiff
media until analysed.

2D gastruloids

Micropatterns measuring 600 pm were generated using ultraviolet
lithography (Alveole Primo) on plastic eight-well dishes (Ibidi) accord-
ing to the manufacturer’s protocol and coated with Matrigel (1:100).
Cells were dissociated with Accutase (Thermo Fischer), pelleted by
centrifugation, resuspended in mTeSR1with10 pM Y-27632 (StemCell
Technologies) and plated at 400,000 cells per well. After 1 h, the pat-
terns were rinsed and incubated in mTeSR1 + 10 pM Y-27632 medium
for 2 h, after which Y-27632 was removed. Two hours later, 50 ng ml™*
BMP4 (Miltenyi Biotech) was added.

Halotag-YAP1 and CBX2-GFP knock-in hiPS cells

For YAP1, 0.6 pmol pUC57-Halotag-N-YAP1 plasmid (GenScript; 400 bp/
ea homology arms flanking YAP1 (NM_001130145.3) start codon and
Halotag coding sequence followed by GGSGGS linker) was mixed with
12.2 pmol Alt-R HiFiCas9 v3 (IDT #1081061) and 17.5 pmol single guide
RNA (sgRNA; Synthego,) to transfect 226,000 hiPS cells using Nucleo-
fector 4D 16-well cuvette, 20 pl P3 Primary Cell Nucleofector Solution
(Lonza #V4XP-3032), programme CA-137. After nucleofection, the
hiPS cells were cultured in rhLaminin-521 (Thermo #A29249)-coated
24-well platesin StemFlex medium (Thermo #A3349401) plus1 u(MHDR
enhancer v2 (IDT#10007921) and 1x RevitaCell (Thermo #A2644501) at
32 °Covernight. Medium was subsequently changed to StemFlex plus
0.5x RevitaCell. After 3 days, cells were moved to 37 °C with StemFlex
mediumchange every 2 days. After 16 days, cells were labelled with1 pM
Halotag Oregon Green ligand (Promega #G2802) and flow cytometry
sorted (BD FASCMelody) based on fluorescence as single cells into
Matrigel-coated 96-well plates. To confirm two copies of allele and
no vector integration, droplet digital (dd) PCR (Bio-Rad QX200) with
specific primersand probes for Halotag, AmpR (vector backbone) and
reference hRPP30 was performed, further confirmed by genomic PCR
of a2.5-kb fragment, followed by Sanger sequencing.

For the mEGFP-CBX2 reporter, 400 bp/eahomology arms flanking
the CBX2 (NM_005189.3) start codon were used, into which the mEGFP
coding sequence wasinserted, followed by a GGSGGS linker sequence
(GenScript). The Kozak sequence in CBX2 was changed from GGCAGC
to GGCACC to prevent CRISPR-Cas9 recutting. Then, 5 pg donor
plasmid was mixed with 120 pmol Alt-R HiFiCas9 v3 (IDT #1081061)
and 200 pmol sgRNA (Synthego) to transfect 800,000 hiPS cells as
described above, and cultured and sorted as described above. To con-
firm genotype, sorted clones were first screened by 5’-junction and
3’-junction PCRs, which were further confirmed by Sanger sequencing.
Clones with correctjunction PCRs were then confirmed by ddPCR with
one or two copies of mMEGFP knock-in allele and no vector integration
using mEGFP, AmpR and reference hRPP30 assay (dHsaCP1000485,
Bio-Rad #10031243). Fifteen out of 32 screened clones that had one
copy of mEGFP and zero copies of AmpR were selected as heterozygous
mEGFP-CBX2 knock-in clones. The non-knock-in alleles in these clones
were further screened by wild-type allele PCR and Sanger sequencing.
For all primers and probes, see Supplementary Table 7.

Immunofluorescence and confocal microscopy
Humanblastocyst stage embryos were fixed in 3.8% paraformaldehyde
for15 minatroomtemperature, washed three times in washing buffer
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(0.1% Tween20-Dulbecco’s phosphate-buffered saline (DPBS)) and per-
meabilizedin 0.5% Triton-X-100-DPBS for 15 minat room temperature.
After washing the embryos in washing buffer, embryos wereincubated
in Ultra Vision Protein block (Thermo Fisher Scientific) for 10 min at
room temperature, followed by incubation with primary antibodies
at 4 °C overnight. After three washes in washing buffer, secondary
antibodies (1:500 in washing buffer) were added for 2 h at room tem-
perature. Embryos were washed and counterstained with DAPI (1:500)
and imaged in DPBS either on optical-grade plastic p-slide eight-well
chambers (Ibidi) or on glass-bottom dishes (Mattek).

Cells were fixed in 4% paraformaldehyde, permeabilized with
0.3% Triton X-100 in phosphate-buffered saline (PBS) and blocked in
5% BSA. Samples were subsequently incubated overnight in primary
antibody in1% BSA/0.3% Triton X-100/PBS, followed by PBS washed and
incubation with secondary antibody in1% BSA/0.3% Triton X-100/PBS.
Cellswereimaged directly after staining in PBS or mounted in Elvanol.

Thefollowing antibodies were used: OCT3/4 (Santa-Cruz Biotech-
nology, sc-5279;1:1,000), Brachyury (R&D Systems, AF2085;1:1,000),
GATA6 (AF1700, RnD Systems; 1:200), NANOG (D73G4, Cell Signaling
Technologies;1:200), LAMINB1(66095-1-Ig, Proteintech; 1:200), Pax6
(Invitrogen, #42-6600; 1:1000), SOX1 (R&D Systems, AF3369;1:200),
SOX7 (R&D Systems, AF1924;1:1,000), YAP1 (Santa Cruz sc-101199;
1:200), p38 MAPK phosphoThr180/Tyr182 (Cell Signaling Technolo-
gies; 1:800) and CBX2 (Thermo Fisher PA-582812;1:800). Alexa Fluor
488-,568-, 594- and 647-conjugated secondary antibodies (all from
Invitrogen) were used at 1:500 dilution.

Fluorescence images were collected by laser scanning confocal
microscopy (LSM980; Zeiss) with Zeiss ZEN Software (Zeiss ZEN v.3.7),
or with Andor Dragonfly 505 spinning disk confocal (Oxford Instru-
ments) equipped with 488-nm and 546-nmlasers, and Zyla 4.2 sCMOS
camerausing40x, 63x or 100x immersion objectives and Fusion soft-
ware (v.2.3.0.44, Andor). Images were acquired at room temperature
using sequential scanning of frames of 1-pum confocal planes (pinhole1).

Liveimaging

Samples were mounted on a Andor Dragonfly spinning disc confocal
(Oxford Instruments) equipped with an environment chamber (5%
C0O,and 37 °C).Images were acquired with Fusion software (v.2.3.0.44,
Andor). For nuclear volume measurements LaminB1-RFP hiPS cells
were live imaged for 10 min (growth factor experiment) or 40 min
(cell compression experiments) acquiring full z-stacks from the same
colony for each timepoint using a 63x water immersion objective. For
2D gastruloid micropatterns, cellswereimaged witha20x air objective,
the z-stepwas 0.75 pm and images were captured every 1 h. For nuclear
envelope fluctuations, cells were imaged with a 63x oil immersion
objective using a high frame rate acquisition mode (150 ms per frame)
for 5 min. For CBX2 dynamics, mEGFP-CBX2 hiPS cells were imaged with
a63xwaterimmersion objective, focusing onsingle focal plane at the
widest point of the nuclei. Images were obtained at at 5 min per frame.

Segmentation and image analysis

Nuclear volume quantification. Volumes were quantified using
Image)™. Four-dimensional live imaging videos were filtered using a
3D medianfilter and subsequently bleach corrected using simple ratio
correction. Individual nuclei were identified manually and marked with
an oval selection stored to a region of interest (ROI) manager. Seeds
were then expanded using the Limeseg-plugin”. The segmentation was
manually supervised to ensure complete segmentation.

For human embryos, the segmentation was performed similarly
with the following modifications. Fixed immune-stained embryos were
imaged using a40x oilimmersion objective, and cells were identified as
ICM onthebasis of Nanog expression. ICM cells with high expression of
Nanog or Gata6 were then manually identified and segmented on the
basis of LaminB1 signal. For volume calculation in three-lineage dif-
ferentiation experiments, Sox2-GFP-expressing hiPS cells were plated

onglass-bottom 35-mm gridded bottom dish (Ibidi) toimage the same
colonies of cells across multiple timepoints. A complete z-stack was
imaged usingaNikon eclipse Ti2 inverted microscope mounted witha
CSU-W1spinning disk microscope (60x oilimmersion lens, numerical
aperture (NA) 1.49) immediately before starting the differentiation
protocol. The same colonies were imaged 8 h, 24 h and 48 h after the
addition of differentiation media. Then, 3D segmentation of nuclei
(outlined by Sox2-GFP expression) was performed using a custom
Cellpose (v.2.2.2) model®”” to generate 3D masks. The 3D masks were
converted to 3D ROIs using the 3D Suite plugin’®, after which nuclear
volumes was quantified from 3D ROIs using the same plugin.

Nuclear envelope fluctuations. Images were corrected for bleach-
ing (Bleach Correction function of ImageJ) and linear rotational
drift (Stackreg; Image)). After corrections, the nuclear edge position
was recorded as a function of time at different positions along the
NE by drawing a line perpendicular to NE at multiple locations per
nucleus. Fluctuations were calculated by measuring the standard
deviation of the position of the NE from its mean position*®. Actino-
mycin D (10 pM)/2-desoxyglucose (5 mM), Cytochalasin D (200 nM),
Calyculin A (5 nM) and Nocadozole (400 nM; all from Sigma) were
added where indicated. SPY650-FastAct (SpiroChrome) and Mem-
Glow 488 (Cytoskeleteton) were used to visualize actinand the plasma
membrane.

CBX2 cluster analysis. Images were obtained using Zeiss LSM980 plus
or Airy Scanimaging mode and subsequent deconvolution. Individual
cell nuclei were segmented from the images using custom Cellpose
(v.2.2.2) model®””. CBX2 clusters were detected with Cellpose using
a custom-trained model. The number of aggregates per cells were
counted usingImage]. For localization at the nuclear periphery nuclei
Cellpose masks were dilated 400 nmisotropically and eroded 20 times
for 150 nm to generate thin consecutive masks using ImageJ. The thin
masks were used to measure spatially resolved meanintensities of CBX2
and DAPI from the nuclear periphery from background-subtracted
images. Each measurement was then divided by the mean total nuclear
intensity of CBX2.

For condensate detection, liveimaging videos were preprocessed
with the Noise2Void noise reduction algorithm” and segmented using
aCellpose custom-trained model. The nuclear outlines were tracked on
the basis of the overall CBX2 nuclear signal using TrackMate Cellpose
adaptation®’. For relative aggregation, CBX2 unprocessed videos were
processed with ImageJ bleach correction plugin using the histogram
matching algorithm. Relative aggregation was calculated for each
tracked cell from background-subtracted videos by measuring the
summed grey values within the condensate area and dividing them by
the summed grey values of the entire nuclear area.

Quantification of nuclear intensities of transcription factors. Mean
intensities were measured fromimages using anuclear mask generated
from LaminB1-RFP, DAPI or Sox2-GFP using Image)*. The N/Cratio for
YAP staining was calculated for each cell by dividing the nuclear mean
intensity by the cytoplasmic mean intensity.

Mechano-osmotic perturbations

Compression was performed with a modified version of a previously
published cell confiner system®'. In brief, suction-cup-bound coverslips
were applied to 2D iPS cell colonies using a controlled pressure pump
(Elveflow). Compression height was controlled by 5-pm polystyrene
bead spacers.

For the western blotting, phosphoproteomics and sequencing
experiments cells were axially compressed using polystyrene block
custom manufactured to fit 6-cm or 10-cm cell culture dishes. The
blocks were preheated to 37 °C and placed on cells, ensuring a homo-
geneous layer of culture medium between the block and the cell layer.
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Hyperosmotic shock was induced using 0.5 M sucrose in media.
For CBX2 live imaging in hypertonic conditions, hypertonic buffer
was diluted 1:20. Hypo-osmotic shock was induced using preheated
mQH,0 that was added to the medium to achieve a final 1:4 mixture.

AFM

AFM force spectroscopy measurements were performed using JPK
NanoWizard 2 (Bruker Nano) mounted on a Nikon Eclipse Ti inverted
microscope and operated withJPK SPM Control Software v5. Measure-
ments were performed at 37 °C. Triangular non-conductive silicon
nitride cantilevers (MLCT, Bruker) with a nominal spring constant of
0.01 N m™*were used for force spectroscopy measurements with the
probe tip positioned directly over the nucleus. For all indentations,
forces of up to 3 nN were applied and the velocity of indentation was
kept constant at 2 pm s™. Force maps of 4 um? with resolution 2 x 2
pixels were used to perform technical replicates of nucleiindentation,
and all valid curves were analysed. Before fitting the Hertz model to
obtain Young’s Modulus (Poisson’s ratio of 0.5), the offset was removed
from the baseline signal, the contact point was identified and canti-
lever bending was subtracted from each force curve. All analysis was
performed with JPK Data Processing Software (Bruker).

nucGEMS

hiPS cells were transfected using X-tremeGENE (Sigma) according tothe
manufacturer’sinstructions. Colonies wereimaged 36 h after transduc-
tion onaNikon Eclipse Ti Eclipse microscope mounted with a Yokogawa
CSU-W1 spinning disk unit using 405-nm and 488-nm lasers, a 63X CFI
Apo 60%/NA 1.49/0.12 total internal reflection fluorescence micros-
copy objective and an ET525/36 m emission filter (Chroma). Images
were acquired using 80% power from single focal plane at 100-ms
intervals, 1 x 1 binning and 16-bit pixel depth. The High-Throughput
Image Processing Software platform®? was used to track particles,
and custom Python pipelines were used to calculate aggregate mean
square displacement, effective diffusivity and the diffusive exponent®.
Single-particle tracks were generated with the Napari GEMspa plugin®.

Multiome sequencing and analysis
Cells were compressed as described above, after which single nuclei
were processed using the Chromium Next GEM Single Cell Multiome
ATAC + Gene Expression kit. Library preparation were performed
according to the manufacturer’s protocol. Two biological replicates
were prepared for each condition and sequenced using the Chromium
Single Cell Multiome platform (10x Genomics). All replicates were qual-
ity controlled and analysed separately to ensure reproducibility, after
whichall conditions were pooled and analysed together, treating each
cellinthe total pool asabiological replicate. Initial transcript count and
peak accessibility matrices were obtained with Cell Ranger Arc (v.1.1.2).

Raw counts were subsequently imported into Python (3.8) as
AnnData (0.8.0) objects. Cells with more than 25% mitochondrial RNA
content were removed. Doublet prediction onsingle-cell (sc)RNA-seq
data was performed using scrublet (0.2.3). Raw scRNA-seq counts
were normalized using scran (1.22.1) with Leiden clustering input at
resolution 0.5. scRNA-seq and scATAC-seq data were integrated as
MuData objects (0.2.2) using Muon (0.1.2). Raw scATAC-seq counts
were filtered for noise, and subsequently Term Frequency-Inverse
Document Frequency was transformed using muon.atac.pp.tfidf with
ascale factor 0of10,000.

scRNA-seq datawere further processed using scanpy (1.8.2): for 2D
embedding, the expression matrix was subset to the 2,000 most highly
variable genes (sc.pp.highly_variable_genes, flavour ‘seurat’). The top
50 principal components were calculated and served as the basis for
k-nearest-neighbour calculations (sc.pp.neighbors, n_neighbors = 30),
which were used as input for uniform manifold approximation and
projection (UMAP; https://doi.org/10.48550/arXiv.1802.03426) layout
(sc.tl.umap, min_dist = 0.3).

scATAC-seq data dimensionality was reduced to 50 components
using muon.atac.tl.Isi, and embedded in a 2D UMAP (sc.tl.umap)
on the basis of k-nearest-neighbour calculation (sc.pp.neighbors,
n_neighbors =20).

Gene signatures for cell cycle®, apoptosis (BCL2L1, CASP9, CYCS,
IL1A, PIK3CG, TNFRSF10D, FADD, BIRC3 and FAS), starvation (ATGS,
ATGI12, ULK2, GABARAPL1, PRKAA2, BNIP3, TRIB3, DDIT3, HSPAS and
SERPINB3), hypoxia (HIF1A, HIF3A, EPAS1, ARNT, PCNA, ADM, CCND1,
CA9 and GLUT1) and necrosis (BIRC3, FAS, DNMIL, GSDME, IPMK,
MLKL, RBCK1, TICAM1 and YBX3) were scored using the scanpy ‘sc.
tl.score_genes’ function. Pychromvar (0.0.4) was used to interrogate
transcription-factor accessibility. Pseudobulk differential expression
analysis was performed with pyDESeq2 (0.4.8). Active enhancers and
generegulatory networks were inferred using SCENIC+° (pyscenic 0.11.2)
following documentation. In brief, topic modelling was performed with
16 topics after evaluating different Latent Dirichlet allocation models,
andbinarized using the Otsu method. Condition annotations wereadded
to the metadata alongside topics. Accessibility matrices were imputed
and normalized, and highly variable features and condition-specific
accessibility were calculated. Custom motif and ranking databases
were created using ‘create_cisTarget_databases’ based onthe observed
SCATAC-seq peaks. Motifs were obtained from the SCENIC+ ‘v10nr_
clust_public’ collection. After running SCENIC+, eRegulons underwent
standard filtering and scoring.

H3K27ac Cut&Tag and analysis
Cut&Tag was performed using Complete CUT&Tag-IT Assay Kit (Active
Motif). Three biological replicates were collected from 10-cm dishes by
briefincubationat37 °Cin 0.05 MEDTA in Hank’s Balanced Salt Solution
and attached to Concanavalin-A-conjugated magnetic beads (ConA
beads, Polysciences) before overnight binding of primary antibody
H3K27ac (Abcam, ab4729). Samples were thenincubated with second-
ary antibody and CUT&Tag-ITAssembled pA-Tn5 Transposomes, after
which tagmented DNA was purified, PCR amplified using ai5/i7 index-
ing primers, cleaned using SPRI beads and pooled into an equimolar
library for sequencing on anllluminaHiSeq4000 sequencing platform.
Unmapped paired-end reads were trimmed to remove adapters and
poor-quality sequences using fastp v.0.23.2 (--detect_adapter_for_pe).
Paired-end reads were mapped to GRCh38 and Drosophila melanogaster
(GCF_000001215.4 release_6_plus_isol_mt) reference genomes using
bwa-mem?2 v.2.2.1 with default settings. To define active enhancers
and promoters, we performed peak calling using the callpeak function
(“FBAMPE-ghs-qle-5--keep-dupall--nomodel’) fromMACS2(2.2.7.1)*.PCR
duplicateswere removed usingsambamba (v.1.0.1)*, and the IgG-negative
control from the CBX2 Cut&Run experiment was used for estimating
background. Thefinalset of H3K27ac-enriched genomicregionsincluded
aunionof peaksfromallexperimental conditions that were detectedinat
least two biologicalreplicates, with peaks closer than1kbmerged together
and peaks overlapping with the ENCODE blacklisted genomic regions dis-
carded®. AllH3K27ac peaks were further classified into active promoters
(n=10,728) and putative active enhancers (n =15,531) based on the overlap
withtranscriptionstartsite (TSS) + 1 kbregions of hg38 UCSC refGene and
protein-coding GENCODE v38 genes. Tolink putative active enhancers with
their potential target genes, we used the closest function from BEDTools
(v.2.31.1)* to find the nearest UCSC refGene gene (TSS + 1 kb region).
Following PCR duplicate removal, biological replicates (two rep-
licates for pluripotency and hypertonic stress conditions, three for
all others) from the same condition were spike-in normalized and
merged together® and then used to generate coverage tracks using
bamCoverage from deepTools (v.3.5.4)”' (-bs 1 -ignoreDuplicates’).
BigwigCompare from deepTools (--skipZeroOverZero --operation
log2 --fixedStep -bs 50’) was used to generate the differential H3K27ac
enrichment tracks. To perform metaplot and heatmap analysis of the
mean read density at regions of interest, we used computeMatrix and
plotProfile/plotHeatmap from the deepTools suite.
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Significant changes (p-adj<0.05, |FC|>1.5) in H3K27ac enrichment
at active enhancers following different treatments were identified
using the DESeq2 R package (v.1.42.1)°>°*. In brief, multiBamSummary
fromdeepTools (--outRawCounts) was used to obtain counts of hg38
mapped reads at target regions of interest across different conditions,
following PCR duplicate removal. Read counts from the spike-in dmé
genome at dmé refGene genes were used to calculate size factors
for spike-in calibrated DESeq2 analysis’°. To visualize an overlap of
active enhancers decommissioned following compression (a union
of peaks showing a significant loss of H3K27ac in the compressed
pluripotency and basal conditions, n = 3,694) and hyperosmotic
shock (n=5,496), we used UpSetR (v.1.4.9) and VennDiagram (v.1.7.3)
R packages. Gene Ontology (GO) term analyses were carried out
using Enrichr®.

TTseq and analysis

Cells were labelled with 500 uM 4-thiouridine for the last 10 min of
theindicated 30-min treatments, after which cells were collected and
lysedin TRIzol. ERCC spike-ins (00043, 00170 and 00136) were added
tolysates, after which RNA wasisolated, fragmented and biotinylated
with EZ-link HPDP-biotin (Thermo Fischer). Biotinylated nascent RNAs
were purified with streptavidin-conjugated magnetic beads (ULMACS;
Miltenyi), and libraries of total and biotinylated RNA were prepared
with lllumina TruSeq total RNAkit. Libraries were quantified using the
KAPA Library Quantification Kit and sequenced with lllumina NextSeq
500 using the High OutputKit v.2.5 (150 cycles, lllumina) for 2 x 75-bp
paired-end reads. Trimmed reads were aligned to the human genome
assembly (hg38) using STAR2.4.2%. For coverage profiles and visualiza-
tion, reads were uniquely mapped, destranded, antisense corrected
and normalized with size factors calculated from DESeq2°%.

To quantify changes, spike-in calibrated differential analysis was
performed®. DESeq2 with size factors estimated using ERCC spike-ins
(00043, 00170 and 00136) was used for differential expression. Raw
read counts following PCR removal were obtained for a set of hg38
MANE RefSeq genes (v.1.3)"° using the featureCounts function (‘isPaire-
dEnd =TRUE, countReadPairs=TRUE, useMetaFeatures = TRUE, strand-
Specific=1") from the Rsubread package (v.2.16.1). log,FCs following
shrinkage using the original DESeq2 estimator’ were visualized using
custom Rscripts and ggplot2.

Bulk RNA-seq and analysis

Total RNA was isolated using the NucleoSpin RNA Plus kit (Macherey-
Nagel). After quantification and quality control using Agilent 2200
TapeStation, total RNA amounts were adjusted and libraries were
prepared using the TruSeq Stranded Total RNA kit with Ribo-zero
gold rRNA depletion (Illumina). RNA-seq was carried out on lllumina
NextSeq 500 using the High Output Kit v.2.5 (150 cycles, lllumina) for
2 x75-bp paired-end reads.

Raw FASTQfiles were adapter-trimmed and quality-filtered using
fastp (0.23.2) using default settings and the ‘—detect_adapter_for_pe’
flag. Filtered reads were mapped to the GRCh38 reference genome
merged with ERCC92 spike-in sequence reference using STAR (2.7.10a)
(--outSAMstrandField intronMotif --outFilterIntronMotifs RemoveNon-
canonical --outFilterMultimapNmax 1 --winAnchorMultimapNmax
50 --outFilterType BySJout --alignSjoverhangMin 8 --
alignSJDBoverhangMin 1 --outFilterMismatchNmax 999 --
outFilterMismatchNoverReadLmax 0.04 --alignintronMin 20 --
alignintronMax 1500000 --alignMatesGapMax 1500000 --
chimSegmentMin 15 --chimOutType WithinBAM --outSAMattributes
All). Gene expression counts were generated from mapped reads using
Gencode v35and ERCC92 annotations with htseq-count (2.0.3).

PCA and differential gene expression analysis were performedinR
(4.1.2) using DESeq2 (1.34.0) assuming negative binomial distribution
of read counts (Wald test). GO term and transcription factor binding
analyses were carried out using Enrichr/ChEA3%*.

Phosphoproteomics and analysis

hiPS cells in pluripotency media were subjected to compression or
hypertonic shock for 5 min, after which cell lysates were collected
in 6 M guanidinium chloride buffer supplemented with 5 mM
Tris(2-carboxyethyl)phosphine, 10 mM chloroacetamide in 100 mM
Tris-HCI. Samples were then boiled at 95 °C for 10 min, sonicated at
high performance for 10 cycles (30 s on/off) using Bioruptor Plus Ultra-
sonicator (Diagenode) and spun down for 20 minatroom temperature
at 20,000g. Supernatants were then trypsin-gold digested (Promega
Corp., V5280) overnight at 37 °C. Digested samples were acidified
and peptides were cleaned with custom-packed C18-SD Stage Tips.
Eluted peptides were vacuum dried at 30 °C, and phosphopeptides
were enriched using the 3 mg/200 ml Titansphere Phos-TiO kit (GL
Sciences) according to the manufacturer’sinstructions. After elution,
phosphopeptides were vacuum dehydrated for2 hat30 °Cand cleaned
with custom-packed C18-SD. Ultimate 3000 ultra-high-performance
liquid chromatography in conjunction with high-pH reversed-phase
chromatography was used to separate and fractionate a total of 1 mg
of tryptic peptides, from which eight fractions were collected.

All samples were analysed on a Q Exactive Plus Orbitrap mass
spectrometer that was coupled to an EASY nLC (both Thermo Scien-
tific). Peptides were loaded with solvent A (0.1% formic acid in water)
onto anin-house packed analytical column (50 cm, 75 pminner diam-
eter, filled with 2.7-pum Poroshell EC120 C18, Agilent). Peptides were
chromatographically separated at a constant flow rate of 250 nl min™
using the following gradient: 3-5% solvent B (0.1% formic acid in 80 %
acetonitrile) within 1.0 min, 5-30% solvent B within121.0 min, 30-40%
solvent B within 19.0 min, 40-95% solvent B within 1.0 min, followed
by washing and column equilibration. The mass spectrometer was
operated in data-dependent acquisition mode. The MS1 survey scan
was acquired from 300-1,750 m/z at a resolution of 70,000. The top
ten most abundant peptides wereisolated withina1.8-Thwindow and
subjected to Higher-energy collisional dissociation (HCD) fragmenta-
tionatanormalized collisionenergy of 27%. The AGC target was set to
5 x10° charges, allowing a maximum injection time of 55 ms. Product
ionswere detected in the Orbitrap at aresolution of 17,500. Precursors
were dynamically excluded for 25.0 s.

Raw datawere processed with MaxQuant (v.2.4.0)°° using default
parameters against the Uniprot canonical Human database (UP5640,
downloaded 4 January 2023) with the match-between-runs option ena-
bled between replicates and phosphorylation at S, Tand Y defined as
variable modifications. Results were loadedinto Perseus (v.1.6.15)°, and
contaminationsandinsecureidentifications were removed. Remaining
identified phosphosites were filtered for data completenessinatleast
onereplicate group, and remaining data were normalized by median
subtractionforeachindividualsamples. After sigma-downshiftimputa-
tion using standard settings, significantly changed sites were identified
using both one-way analysis of variance (ANOVA) and false discov-
ery rate-controlled -tests and annotated using PhosphoSitePlus”.
One-dimensional enrichments were performed on site abundance
differences. ANOVA-significant site abundances were z-scored and
hierarchically clustered using standard settings. GO term analyses
were carried out using Enrichr®.

Western blotting

Cells were rinsed in PBS, suspended in lysis buffer (50 mM Tris-HCI
buffer (pH 8.0), containing 150 mM Nacl, 1% Triton X-100, 0.05%
sodium deoxycholate, 10 mM EDTA, protease and phosphatase inhibi-
tors) and cleared by centrifugation. The lysates were then reduced in
Laemmlisample buffer at 95 °C, separated by polyacrylamide gel elec-
trophoresisinthe presence of SDS and transferred onto polyvinylidene
fluoride membranes. Membranes were blocked with 5% milk powder
in Tris-buffered saline containing 0.05% Tween (TBS-Tween) for 1 hat
room temperature, after which primary antibodies were added in 5%
BSA, TBS-Tween and incubated overnight at 4 °C. The membranes were
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subsequently washed in TBS-Tween, after which secondary horseradish
peroxidase-conjugated antibodies (Bio-Rad) were added in 5% milk
powder in TBS-Tween and incubated for 30 min at room temperature.
Antibody binding was detected by chemiluminescence (Immobilon
Western, Millipore) using the Bio-Rad ChemiDoc Imaging System.
Antibodies used: LaminB1 (Cell Signaling 9087; 1:1,000), p38 MAPK
phosphoThr180/Tyr182 (Cell Signaling 4511,1:1,000), p38 MAPK (Cell
Signaling 9212,1:1,000), p44/42 MAPK phosphoErk1/2 (Cell Signaling
4376,1:2,000), p44/42 MAPK Erk1/2 (Cell Signaling 4695,1:1,000) and
RNApol2 PS2 (Abcam ab5095; 1:5,000).

RT-qPCR

Cells were treated as indicated with media conditions, compression,
YAP inhibitor verteporfin (200 nM) and ERK inhibitor (1 uM). RNA was
isolated using the NucleoSpin RNA plus Kit (Macherey-Nagel). RNA
quality was assessed using the high-sensitivity RNA Screen Tape Analysis
(TapeStation, Agilent), and subsequently, 500 ng of RNA was reverse
transcribed applying the SuperScript IV VILO Master Mix (Thermo Fisher
Scientific) following the manufacturer’s instructions. External RNA
Controls Consortium RNA Spike-in Mix (Thermo Fisher Scientific) was
addedtosamples asreference to ensure validity of normalization. PCR
was performed with PowerUp SYBR Green Mastermix (Thermo Fisher
Scientific) using QuantStudio5 Real-Time PCR System (Thermo Fisher
Scientific). Gene expression was quantified using the AACt method with
normalization to LaminBl. For primers, see Supplementary Table 7.

CBX2 Cut&Run and analyses

Cells were compressed from 30 min in basal or pluripotency medium
followed by 24 hrecovery in the same media condition. Uncompressed
cellsin the respective media were used as controls (two biological rep-
licates per condition). CBX2 cut&runwas performed using the CUTANA
ChIC Cut&RunKit (EpiCypher) using the manufacturers’instructions. In
brief,50,000,000 cells per replicate were collected and absorbed with
activated ConA beads, followed by incubation with 0.5 pg of CBX2 anti-
body (mAb#25069, Cell Signaling) overnight at 4 °C. Chromatinwas then
digested and released, followed by DNA purification and library prepa-
ration using the CUTANA Cut&Run Library Prep Kit (EpiCypher). After
library quantification and quality control using Agilent 2200 TapeSta-
tion, DNA sequencing was carried out on Illumina NextSeq 500 using the
High OutputKitv2.5(150 cycles, lllumina) for 2x 75-bp paired-end reads.

Raw FASTQfiles were adapter-trimmed and quality-filtered using
fastp (0.23.2) using default settings and the ‘—detect_adapter_for_pe’
flag. Filtered reads were mapped to the GRCh38 and Escherichia coli
(ASM886V2) reference genome using bwa-mem2 (2.2.1). Mapped
reads were quality-filtered using a cut-off of 3. Scaling-factor nor-
malized tracks were generated according to Zheng et al. (https://doi.
org/10.17504/protocols.io.bjk2kkye). Regions were blacklisted using
published CUT&RUN blacklists’®.

Coverage profiles for IgGand CBX2 were generated using MACS2
(2.2.9.1). Normalization to IgG was performed using MACS2 ‘bdgcmp’
and the ‘qpois’ method, and peak calls were obtained using MACS2
‘bdgbroadcall’ (-¢5-C2-g1000 -G 2000 --no-trackline). Peaks were
filtered for noise using reproducibility (called in >1sample of the same
condition), minimum peak size (1,000 bp), and minimum mean CBX2
signalin one condition (>0.075).

Aggregate statistics for each sample were calculated on
replicate-merged tracks for peaks overlapping known genes (Gencode
v44). Mean peak signal was scaled to the pluripotency medium as ref-
erence condition, and log,-transformed for symmetry. Hierarchical
clustering was performed using the Ward method and Euclidian distance
metric (scipy 1.11.4); clusters were chosen with atree distance cut-off of 7.

CRISPRi-mediated silencing of CBX2
One microgram of Alt-R CRISPR sgRNA (IDT; 5-CCCGGCAGCCAGCCC
GACCG) targeting the CBX2 promoter was mixed with 1x 10°

WTC-dCas9-TagBFP-KRAB hiPS cells (Coriell #AI1CS-0090-391) and
electroporated using the Neon Transfection System (Thermo Fisher
Scientific), using aregime of1,400 V,10 ms and two pulses. After elec-
troporation, hiPS cells were cultured in Matrigel coated plate with
mTeSR medium plus 25 pM Y-27632 ROCK inhibitor (Tocris #1254).
After 24 h, the medium was changed to mTeSR without Y-27632 with
fresh medium change daily. Ninety-six hours after sgRNA delivery, a
subset of cells was fixed and immunostained for CBX2 to assess silenc-
ing efficiency. The remaining cells were transferred to E6 basal medium
and cultured for an additional 96 h with daily medium changes.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism software
(GraphPad, v.9) or in R (v.4.2.2). Statistical significance was deter-
mined by the specific tests indicated in the corresponding figure
legends. Only two-tailed tests were used. In all cases where a test for
normally distributed data was used, normal distribution was con-
firmed with the Kolmogorov-Smirnov test (a = 0.05). All experiments
presentedin the Article were repeated in at least three independent
replicates. No statistical method was used to predetermine sample
size. No data were excluded from the analyses. The experiments
were not randomized as groups were assigned by treatments. As
data analyses where automated, investigators were not blinded for
outcome assessment.

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

Data availability

Sequencing datasets are available at GEO (GSE268091). Proteomic
datasetsare available at PRIDE (PXD052588). All raw data that support
the conclusions are available fromthe authors onrequest. Source data
are provided with this paper.

Code availability
Allanalysis scripts and custom code are available at WickstromLab via
GitHub at https://github.com/WickstromLab.
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Extended Data Fig. 1| Mechano-osmotic changes of the nucleus accompany
exit from pluripotency. (a-c) Representative top views (x-y), 3D reconstructions
and cross sections (z), and quantification of nuclear height from of Sox2-GFP-
tagged hiPSCs undergoing ectodermal (a), mesodermal (b), or endodermal

(c) differentiation for the indicated time points (scale bars 15 um; n=3
independent experiments with 348,496, 841, 765 (mesoderm 0, 8,24,48 h,
respectively); 435,661,800, 835 (ectoderm 0, 8, 24, 48 h, respectively) total cells/
condition; ANOVA/ Dunnett’s). (d) Quantification of lineage marker intensity
fromimmunofluorescence stainings in hiPSCs undergoing ectodermal (left),
endodermal (middle), or mesodermal (right) differentiation for the indicated
time points (scale bars 15 pm; n = 3 independent experiments with 5093,1257,
3913, 8290, 11345 (ectoderm SOX1); 1257, 3255, 5751, 8290, 11309 (ectoderm
0CT4);1362,3967,4680, 6542,8450 (Endoderm OCT4);1362,3967,4680, 6542,

6410 (endoderm SOX17); 841,3089, 4897, 5368, 6189 (mesoderm Brachyury);
842,3089,4897,5368, 6186 (mesoderm OCT4) total cells/0,24,48,72,96 h
conditions, respectively; mean+SD). (e) Representative snapshots from live
imaging data and quantification of nuclear volume from LaminB1-RFP hiPSCs
treated with Calyculin A for 15 min. Note compaction of colony and nuclear
deformation at colony edges (scale bars 50 pm; n = 4 independent experiments
with 546 (DMSO) and 682 (Calyculin A) total nuclei/condition; Student’s t-test).
(f) Representative images and quantification of p-p38 from hiPSCs treated with
Calyculin A for 15 min. Note increased p38 activation at colony edges (scale bars
100 pm; n =3 independent experiments with 14 (DMSO) and 17 (Calyculin A)
total colonies/condition; Student’s t-test). Source numerical data are available in
source data.
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Extended Data Fig. 2| Mechanical signals control YAP activity while osmotic
signals control nuclear rheology. (a) Osmolarity measurements of the

various media conditions (mean £ SD; n = 3 independent measurements).

(b) Representative images and quantification of p-p38 from hiPSCs 5 min after
exchanging pluripotency maintenance medium with pluripotency, basal or
basal + FGF2 medium for 5 min. Note moderate but consistent activation of p38
activationincellsin basal but not in basal + FGF2 medium (scale bars 50 pm; n=35
independent experiments; RM-ANOVA/ Fischer’s). (c) Representative snapshots
of liveimaging (x/y), optical cross sections (z), and quantifications from
LaminB1-RFP-tagged hiPSCs before (Pre) and after (Hyper) hypertonic shock.
Note progressive decline in nuclear volume. Line represents median volume
andindividual dots are average colony volumes at indicated timepoints (scale
bars10 pm; n =3 independent experiments with 80,166, 137 nuclei/experiment
tracked over the time; Mann-Whitney). (d) Quantification of nuclear envelope
fluctuations in cells exposed to hypertonic shock and subsequent washout in
pluripotency or basal medium for time points indicated. Note attenuations of
fluctuations upon hypertonic shock in both conditions and recovery to more
abundant fluctuations in basal medium (n = 428 (Pluri Baseline), 331 (Pluri Hyper
30),338 (Pluri Rec 0), 400 (PluriRec10), 372 (Pluri Rec 30), 466 (Basal Baseline),
307 (Basal Hyper 30), 392 (Basal Rec 0), 424 (Basal Rec 10), 317 (Basal Rec 30)
cells pooled across 3 independent experiments; Kruskal-Wallis/Dunn’s). (e) AFM

force indentation experiments of iPS cell nuclei within 20 min of media switch

or hypertonic shock. Note data is reproduced from Fig. Im but with additional
condition of hypertonic shock (n = 69 (Pluripotency), 71 (Basal), 76 (Basal+FGF2),
85 (Basal+TGF-B1), 74 (Basal+FGF + TGF-B1), 60 (Hyper Pluripotency) nuclei
pooled across 5independent experiments; ANOVA/Kruskal-Wallis). (f) AFM
force indentation experiments of iPS cell nuclei treated with Cytochalasin D

in pluripotency or basal medium (n =14 and 17 nuclei for Pluripotency and

Basal conditions, respectively, pooled across 3 independent experiments).

(g) Representative snapshots and quantification of live imaging of YAP-Halo-

tag hiPSCs during hypertonic shock (scale bars 10 pm; n =3 independent
experiments with 132 total cells tracked across time). (h) Representative
snapshots of live imaging and quantification from YAP-Halo-tag hiPSCs during

3 pm compression in pluripotency or basal medium. Note comparable activation
of YAP inboth conditions (scale bars 30 um; n = 3 independent experiments
representing 255 (Basal), 201 (Pluripotency) cells/condition tracked across
time). (i) Representative snapshots of live imaging and quantification from
YAP-Halo-tag hiPSCs transfected with NLS-EGFP and compressed to 3 um height.
Note anticorrelated dynamics of YAP and EGFP where YAP nuclear localization is
enhanced upon compression whereas EGFP is not (scale bars 50 um (left panel),
30 pm (right panel); n =31 cells pooled across 3 independent experiments). All
error bars mean+SD. Source numerical data are available in source data.
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statistically significant upregulated genes are labeled. (b, ¢) Spike-in normalized
volcano plot contrasting CompPluri to Pluri (b) and CompBasal to Basal (d)
conditions (Wald/IHW). (d) Representative western blots from RNAPII-S2P

from cells exposed to compression or hypertonic/hypotonic shocksin the
media compositions and time points indicated. Note decrease in RNAPII-S2P

at 30 min compression in pluripotency medium but already at 5 minin basal
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medium (n =3 independent experiments). () Representative western blots

from phosphorylated p38 (pp38) from cells exposed to compression in the
media compositions and time points indicated. Note increase pf pp38 at 30 min
compression in pluripotency medium but already at 5 min in basal medium and
suppression of compression mediated activation of p38 by addition of FGF2 but
not with TGF-Blinto basal medium (n =3 independent experiments). Hypertonic
(HR) and hypotonic (HO) shocks are used as controls for ¢, d. Unprocessed blots
areavailable in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Long-term transcriptional changes in response to
mechano-osmotic stimuli. (a) Venn diagram and Z-score heatmap analyses of
specific and overlapping genes from bulk RNA sequencingin 24 h upregulated
inresponse to compression in basal medium or pluripotency medium when
compared to their respective media conditions. Note that compression in

basal medium leads to more genes being upregulated and the specific genes
representing differentiation genes. Compression in pluripotency medium

leads to upregulation of cytoskeletal and stress genes. (b) Gene set enrichment
analyses of differentially expressed genes from bulk RNA sequencing in 24 h basal
medium versus 30 min compression + 24 hrecovery in basal medium (left panel)
and 24 h basal medium versus 30 min hypertonic shock +24 h recovery in basal
medium (right panel). Note enrichment of gene sets involved in morphogenesis
and metal ion homeostasis in both conditions. (c) Representative images of Pax6
staining and quantification of LaminB1-RFP hiPSCs exposed to 30 min basal

medium (Control), 30 min basal medium + 10 min hypotonic shock (Hypotonic),
30 min compression (Compression) and 30 min compression +10 min hypotonic
shock (Compression+Hypo) in basal medium followed by 96 h of spontaneous
differentiation in basal medium. Note delayed differentiation in both shock
conditions (scale bars 50 um; n = 3 independent experiments with 33844 (Basal),
34959 (Hypo), 35860 (Comp), 27615 (Comp+Hypo) total cells/condition; ANOVA/
Dunnett’s). (d) Schematic representation of experimental outline, representative
images of Oct4 and Pax6 staining and quantification of cells exposed to 30 min
compression or 30 min hypertonic shockin pluripotency medium for 96 h.

Note delayed differentiation in both shock conditions (scale bars 75 pm; n =3
independent experiments with 673 (control), 564 (Compression), 421, 832
(Hypertonic) total cells/condition; Kruskal-Wallis/Dunn’s, ns=not significant).
Source numerical data are available in source data.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Analyses of CBX2 condensation dynamics and its role
inpluripotency exit. (a) RT-qPCR from cells exposed to 30 min compression
inindicated media conditions followed by 24 hrecovery in the same media
conditions with and without YAP and ERK inhibitors as indicated. Note increased
metallothionine (MT2A) and differentiation gene (LHXS, PAX6, SOX21)
expression in basal medium and 30 min compression in basal medium conditions
(CompBasal) and lack of rescue with YAP/ERK inhibition. Cells compressed

in pluripotency medium (CompPluri) show increased differentiation gene
expression upon inhibition of YAP/ERK (n = 3 independent experiments; mean
+SD). (b) Representative images and quantification of CBX2 clustering at the
nuclear periphery (scale bars 5 um; left graph: n = 3 independent experiments
with1450 (Pluripotency), 1091 (Basal), 1181 (PluriComp), 1093 (BasalComp)

total nuclei/condition; Student’s t-test; right graph: n = 5independent

experiments with100 nuclei/condition; mean +SD). (c) KEGG pathway analysis
(left) and CheEA consensus Transcription Factor (TF) prediction (right) from
CBX2 peaks differentially occupied in basal/compression in basal medium
conditions (Fisher’s exact /Benjamini-Hochberg). (d) Representative images
and quantification of CBX2 levels after CRISPRi depletion (scale bars 100 pm;
n=3independent experiments with 6539, 5597 total cells for CNL and CBX2
CRISPRi conditions, respectively; Student’s t-test). (e) Representative images
and quantification of Pax6 levels after CBX2 CRISPRi depletionand 96 h

of spontaneous differentiation in Basal medium (scale bars 100 pm;n=3
independent experiments with 21562, 25843 total cells per CNL, CBX2 CRISPRi
conditions, respectively; Student’s t-test). Source numerical data are available in
source data.
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