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The question of what guides lineage segregation is central to development, where cellular differ-
entiation leads to segregated cell populations destined for specialized functions. Here, using optical
tweezers measurements of mouse embryonic stem cells (mESCs), we reveal a mechanical mechanism
based on differential elasticity in the second lineage segregation of the embryonic inner cell mass into
epiblast (EPI) cells - that will develop into the fetus - and primitive endoderm (PrE) - which will
form extraembryonic structures such as the yolk sac. Remarkably, we find that these mechanical
differences already occur during priming and not just after a cell has committed to differentiation.
Specifically, we show that the mESCs are highly elastic compared to any other reported cell type
and that the PrE cells are significantly more elastic than EPI-primed cells. Using a model of two cell
types differing only in elasticity we show that differential elasticity alone can lead to segregation be-
tween cell types, suggesting that the mechanical attributes of the cells contribute to the segregation
process. Our findings present differential elasticity as a previously unknown mechanical contributor
to the lineage segregation during the embryo morphogenesis.

Embryonic development is a paradigm of biophysical
self-organization [1, 2]. The fertilized egg makes the
early mammalian embryo or blastocyst as a result of
several rounds of cell divisions coupled to two successive
lineage choices. First, embryonic blastomeres are seg-
regated into an inner cell mass that is enclosed by an
epithelium of trophectoderm cells. The trophectoderm
will go on to form the placenta, while the inner cell
mass will give rise to the remaining support structures
and the embryo proper. The second lineage segregation
occurs when the inner cell mass differentiates into two
distinct populations: epiblast (EPI) that will develop
into the fetus, and primitive endoderm (PrE) that
will form extraembryonic structures such as the yolk
sac [3-5] (Fig. la). Recent studies have uncovered
the mechanism of the first lineage segregation into
trophectoderm and the inner cell mass based on the
coordination between differential contractility and dif-
ference in the basal-apical polarity (pointing towards the
outside of the embryo) [6], indicating that mechanical
features of early embryos play a defining role in the
first lineage decision-making [7-9]. However, the role of
potential mechanical mechanisms for the second lineage
divergence into EPI and PrE remains elusive [10]. The
segregation of the inner cell mass into EPI and PrE is
thought to be driven by the interaction of FGF signaling
with the gene regulatory networks responsible for PrE
and EPI identity. The propagation of this signal via
a feedback circuit leads to the induction of progenitor
cells for both lineages in a salt and pepper pattern that
resolves into two separate domains based on differential
adhesion [4, 5. While the heterogeneity of the inner
cell mass is now accepted, the differential adhesion
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mechanism remains controversial. In particular, recent
experiments have shown no evidence of any difference
between the main determinants of adhesion between
PrE and EPI cells [10]. Similar conclusions have been
drawn for epithelial cell layers, where experiments and
theory refuted cell segregation based on the differential
adhesion between epithelial cells [11].  Additionally,
differential line tension and differential affinity mech-
anisms have been shown to be insufficient to govern
cell sorting in the inner cell mass [12]. Here, we use
in vitro experiments exploiting PrE priming in mouse
ESCs alongside with cell-based modeling, to show that
differences in mechanical properties of the cells within
the inner cell mass and in particular their distinct elastic
behaviors - rather than differences in adhesion and
interaction properties - could lead to the autonomous
sorting of cells into PrE and EPI sub-populations.

Endodermal primed (PrE) cells are significantly
more elastic than epiblast (EPI) cells. Naive em-
bryonic stem cells are in vitro cell lines derived from the
ex vivo expansion of the inner cell mass. They are hetero-
geneous and can be shown to exhibit reversible lineage
priming from an epiblast-like cell to a population biased
for PrE differentiation [13]. We used mouse embryonic
stem cells (mESC) as a model system [3, 14] carrying
a fluorescent mCherry-Hhex reporter alongside a consti-
tutively expressed nuclear label, H2B-Venus [15]. Cells
exhibiting mCherry fluorescence are primed for PrE and
all cells in the culture express nuclear Venus. The degree
of mCherry fluorescence within a cell can be used to de-
termine its priming (Fig. 1b,c) [14, 16, 17]. Using these
cells, we compared elastic properties of mCherry high
and low mESCs. Experiments are performed at E3.5,
which corresponds to the “early wave” of lineage expres-
sion and precedes the full lineage exclusive expression
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FIG. 1. Autonomous segregation of the inner cell mass
occurs both inside the pre-implementation mouse em-
bryo at day E3.5 and in a culture of mESCs. a)
Schematic illustration of the segregation inside a mouse em-
bryo between day E3.5 (left) and E4.5 (right) at which EPI-
primed cells (yellow) are centrally located and PrE-primed
cells(red) are located at the rim of the forming embryo. b)
and c¢) Confocal z-projection of mESCs, where b) all cell nu-
clei are labeled with H2B-Venus (yellow) while ¢) the PrE-
primed cells express an additional mCherry-Hhex fluorescent
reporter (red). Examples of EPI-primed cells which do not
express the mCherry-Hhex fluorescent reporter are marked
by yellow circles in b) and c). d) Positional power spectrum
of a granule located in the cytoplasm of an EPI-primed cell.
The red line signifies the fitting range, 200-3000 Hz. Bottom
inset: Schematic illustration of optical trapping (red: trap-
ping laser) of a lipid granule (blue) inside the cytoplasm of
an mESC (yellow). e) mESCs visualized by bright field mi-
croscopy, lipid granules are visible throughout the cells (see
red arrows for examples). Scale bars are 20 pm.

and positional ordering that occur at later stages [5, 18]
(Fig. 1a).

We used optical tweezers to trace the thermal fluctua-
tions of nano-scopic tracer particles [19, 20], in the form
of endogenously occurring lipid granules (Fig. 1d,e), to
determine the local elastic properties within individual
cells [21, 22]. In the high-frequency regime, where the
tracer does not feel the restoring force from the optical
trap, the power spectrum of a diffusive tracer particle in a
medium follows a power law [23] P(f) oc f~(+) where
the scaling exponent « carries information about the elas-
tic properties of the medium [24-29]. The closer the scal-
ing exponent « is to 1, the more viscous the tracer’s en-
vironment, the closer « is to zero, the more elastic the
environment. In our study, the fitting interval for ob-
taining o (200-3000 Hz) was chosen such that it is well
above 100 Hz, the frequency below which non-equilibrium
processes typically occur in biological samples, and as
such within this fitting interval we are probing the ma-
terial properties inside of individual cells [30, 31]. The
scaling exponents measured for all mESCs were signifi-
cantly lower than values reported for any other cell type,
showing that, overall mESCs are highly elastic (see Fig.
S1 for a comparison of the scaling exponent to epithe-
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lial, endothelial, fibroblast, and yeast cells). Interest-
ingly, the average value of the scaling exponents in all
PrE-primed cells «=0.42 £ 0.17 (mean + s.d.) was sig-
nificantly smaller than the value from EPI-primed cells
a=0.49£0.13 (mean + s.d.) (Fig. 2a and Fig. S2), indi-
cating that the PrE-primed cells are more elastic than the
EPI-primed population at this early stage of embryonic
development. This is important because our measure-
ments show that these observed significant differences in
the elasticity are already occurring during priming and
not just after a cell has committed to differentiation.

To further validate the results obtained from the scal-
ing exponent analyses we next calculated the complex
shear modulus G = G’ + iG" of the lineage primed em-
bryonic stem cells (Fig. 2¢c and Fig. S3) as the defining
characteristics of viscoelastic materials (see Supplemen-
tary Material for details of the measurements) [32, 33].
The storage modulus G’, characterizes the energy stored
in the material during a cycle of deformation, and there-
fore is a measure of the elastic component of the material
behavior, while the loss modulus G”, characterizes the
average dissipation of the energy and is a measure of the
fluidity of the material [34]. Therefore, in order to assess
the relative fluid-like and solid-like behavior of the cells
we measured the loss tangent G”'/G’, the ratio of the
loss to storage modulus for EPI- and PrE-primed cells
(Fig. 2d). Consistent with the results of scaling expo-
nent measurements from power spectral analyses, a sig-
nificantly higher elasticity was observed for PrE-primed
cells compared to EPI-primed ones. Together, our anal-
yses of the complex shear modulus confirm the results
of power spectral analyses, demonstrating that (i) the
mESCs are highly elastic compared to other cell types
and (ii) there is a significant difference between the elas-
ticity of PrE- and EPI-primed cells, the behavior of which
resemble the inner cell mass at the early stages of the em-
bryo development [4].

Both nucleus and cytoplasm of primed PrEs are
significantly more elastic than in primed EPIs.
Next, in order to further assess the elasticity difference
between the two sub-populations within lineage primed
mESCs, we compared the internal structure of the two
sub-populations. Fluorescent labeling of the nucleus
(using a H2B-Venus expression construct) allowed for
its independent visualization. In addition, in our optical
tweezers experiments, the presence of lipid granules
both in the nucleus and in the cytoplasm, allowed for
spatially resolved measurement of the elasticity locally
within the cells (see Supplementary Material for details).
For both cell types, the scaling exponents characterizing
the movement of tracers in the nuclei were found to
be significantly lower than in the cytoplasm (Fig. 2a),
demonstrating that for all probed cell types, the nucleus
was more elastic than the cytoplasm (see values of « in
Supporting Table S1 and results of ¢t-tests in Supporting
Table S2). This observation is in line with a previous
study of articular chondrocytes using micro-pipette
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FIG. 2. PrE-primed mESCs are more elastic than the EPI-primed mESCs. a) Scatter plots of scaling exponents,
a, characterizing the sub-diffusive motion of granules inside mESCs for PrE- and EPI-primed cells inside the nuclei (left)
and cytoplasm (right) show significantly lower « values and thus higher elasticity for PrE-primed mESCs. b) Inhibiting
actin polymerization decreases mESC elasticity. Scatter plots of scaling exponents, «, for control cells vs. cells treated with
Latrunculin B (LatB) for EPI-primed cells in nucleus (1st plot) and cytoplasm (2nd plot) and in PrE-primed cells in nucleus
(3rd plot) and cytoplasm (4th plot). ¢) Complex shear moduli, G’ and G”, calculated for EPI- and PrE-primed mESCs averaged
over 10 different granules per experiment. d) Loss tangent averaged over 10 different granules per experiment. The scaling
behavior of G’(f) and G”(f) comply well with those obtained from power spectral analysis in comparable frequency intervals.
Both the absolute value of G’(f) and the calculated loss tangent show that PrE-primed cells are significantly more elastic than
EPI-primed cells. Black lines in scatter plots in a) and b) denote the medians. Mean, standard deviations, and p-values for

data in a) and b) are summarized in Supplementary Tables S1 and S2.

aspiration, which showed that the nuclei were signifi-
cantly stiffer than the cytoplasm [35]. Comparing the
spatially resolved scaling exponents between the nuclei
of PrE- and EPI-primed cells, we found that both the
nuclei and cytoplasm of the primitive PrE-primed cells
were significantly more elastic than the EPI-primed
cells. Together, these results show that the observed
differential elasticity between the mESCs primed for EPI
and the PrE is consistent for comparison of cytoplasm,
nuclei, and of entire cells.

Higher levels of polymerized actin in PrE-primed
cells are linked to their higher elasticity compared
to EPI-primed cells. The difference in elasticity of
EPI- and PrE-primed cells may be attributed to the dif-
ference in structure and composition of their subcellular
elements. Although actin is predominantly present at the
periphery of the cells [36], in ESCs it is also present in
the nucleus where it has been shown to associate with
lamin A and chromatin remodeling complexes [37]. We
hypothesized that a higher level of polymerized actin fila-
ments in the PrE-cells may produce the difference in the
elasticity between EPI- and PrE-primed cells. To test
this hypothesis we treated cells with the actin disruptive

drug, Latrunculin B (LatB) (see Supplementary Mate-
rial for the details of drug treatments). As expected, for
all investigated categories (nucleus or cytoplasm, EPI-
or PrE- primed), the cells became less elastic (showed a
higher value of the scaling exponent «) upon LatB treat-
ment, consistent with removal of actin filaments (Table
S1, Table S2). Importantly, however, while actin dis-
ruption led to a small decrease in the elasticity of the
EPI-primed cells, PrE-primed cells became significantly
less elastic (Fig. 2b, Fig. S4, and Table S1), indicating
that higher levels of actin filaments in these PrE-primed
sub-populations governs their higher elasticity. Together,
these results suggest that the difference in internal molec-
ular composition and structure of the primed cells lead
to the difference in their elasticity, showing that changes
in internal composition and structure already occur dur-
ing priming and not just after a cell has committed to
differentiation.

Minimal physical model shows elasticity differ-
ence between PrE- and EPI-primed cells is suffi-
cient for the observed cell segregation. When EPI
and PrE primed mESCs are injected into host embryos
they colonize their respective lineage and when mixed in
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aggregation culture, they segregate, recapitulating the
differential localization of PrE and EPI in wvivo [38].
Could the difference in elasticity alone be sufficient for
cell segregation? In order to answer this question, we
developed a cell-based model of the inner cell mass com-
posed of two cell types that only differ in their elastic
properties. We build on a phase-field model [11, 39] that
captures the mechanical properties of the cells, includ-
ing elasticity, deformability and contractility, at the sin-
gle cell level and allows for accurate representation of
boundaries between the cells [40-42] (see Supplementary
Material for detailed description of the model). Impor-
tantly, this model allows us to vary the elasticity, while
explicitly keeping the same interaction forces, i.e., adhe-
sion and repulsion forces, between the cells. In brief, each
cell is represented by a phase-field parameter ® that dis-
tinguishes the interior ®; = 1, and the exterior ®; = 0,
of an individual cell. The dynamics of each phase-field
evolves according to the Cahn-Hilliard equation:

0F

— 1
= (1)
where the right-hand-side describes the relaxational dy-
namics towards the minimum of a free energy F =

Feell + Fint, that is composed of two parts: Feen deter-
mines the mechanical properties of the cell including its
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FIG. 3. Differential elasticity is an active mechanism
for cell segregation. a,b) Time series snapshots of the seg-
regation of a 20-cell aggregate of soft (yellow) and stiff (red)
cells simulated a) without any confining boundaries, and b)
in a circular confinement. c) Cell segregation as a function of
the normalized elasticity difference (ya — vB)/vB, where va
denotes the elasticity of the stiff cells and g is the elastic-
ity of the soft cells. e) Cell segregation as a function of the
strength of active stresses generated by the cells. The seg-
regation index SI = (Na/(Na + Ng)) is defined such that
SI = 1/2 when the outer layer is a uniform mixture of stiff
and soft cells (indicated by the dashed red line), ST = 1 when
the outer layer is occupied solely by stiff cells, and ST = —1 if
only soft cells occupy the outer layer. Error bars indicate the
variance computed from averaging over 5 different simulations
with random initial positioning of the cells.
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elasticity, compressibility and deformability; Fiy sets the
strength of adhesive and repulsive interactions between
the cells. In addition to these equilibrium contributions,
the advective term wv; - V®;, accounts for the activity
of each cell that is determined from the force balance
fv; = FPt  Factive between the active forces generated
by the cells F2<*V¢ that include contractility [43-46], sub-
strate friction £, and the cell-cell interaction forces F,n*
(see Supplementary Material for the definitions of indi-
vidual terms).

In order to isolate the effect of elasticity, all the physi-
cal parameters related to the cells contractility, and cell-
cell interactions, are imposed as identical for both cell
types. Simulations are initialized with a mixture of two
cell types with different elasticity positioned randomly
within the domain (Fig. 3a). In agreement with the
experiments, the cells autonomously self-segregate with
time. More importantly, the cells organize themselves
into a batch of less elastic cells that are ensnared with
stiffer cells at the outer ring (Fig. 3a,b). This form of the
cell segregation is consistent with the well-established in
vivo behavior in the blastocyst where the PrE-lineage
forms a layer separating the epiblast from the blasto-
coel [4, 38].

To quantify the cell segregation we defined the segre-
gation index, ST = (N4/N), as the fraction of the outer
cell layer that is occupied with elastic cells, where (Ny4)
is the time-averaged number of the elastic cells in the
outer layer and N = N4 + Np is the total number of the
cells in the outer layer. Therefore, for a perfect segrega-
tion with the more elastic cells in the outer layer ST = 1,
while ST = 1/2 for a perfectly mixed population, and
ST = 0 corresponds to a perfect segregation in which the
less elastic cells form the outer layer. The measurements
of the segregation index for varying elasticity difference
between the cells showed that an elasticity difference as
small as 10 % is enough to trigger the cell segregation
(Fig. 3c). We further checked that the observed cell seg-
regation is independent of the type of the boundary and
the size of the system (Fig. 3b, Fig. S5).

In addition, it is possible to pinpoint the key mech-
anism of the cell sorting in the simulations. Interest-
ingly, we found that cell sorting based on the difference
in the elasticity is only achieved in the presence of the
active stress generation by the cells (Fig. 3d). The exis-
tence of such active stresses due to the contractile ten-
sion at the cell cortex and the myosin activity is well
documented [12, 44-46]. In our simulations we find that
as the cells continuously push and pull on their neigh-
bors by generating active stresses, the less elastic cells
are able to deform more, exchange neighbors at a higher
rate (Fig. S6), and therefore form an inner cell aggregate
that shows a fluid-like behavior, while the more elastic
cells reside at the outer layer and do not do a consider-
able neighbor exchange (Fig. S5), thus exhibiting a more
solid-like behavior. Therefore, our modeling results sug-
gest that the cell segregation based on differential elas-
ticity of the cells is an inherently out of equilibrium phe-
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nomenon, which cannot be explained by purely thermo-
dynamic processes.

Together our results show that the observed difference
in material properties, with the PrE primed mESCs
being significantly more elastic than those cells primed
for EPI differentiation, could account for the capacity
of these cells to segregate when reintroduced into
blastocysts [16]. As this ESC heterogeneity reflect the
transcriptional and signaling events occurring in the
inner cell mass of the blastocyst, this suggests that
differential elasticity could function in conjunction with
other mechanisms such as differential adhesion [4, 5],
to govern the second lineage segregation in mammalian
embryogenesis. This differential elasticity mechanism
reinforces a series of recent findings that showed the
importance of mechanical mechanisms such as fluid-
to-solid jamming transition in determining the body
axis elongation in vertebrates [47], and differential
contractility in governing the first lineage segregation
in mouse preimplantation development [6]. Moreover,

5

the essential role of difference in material properties [48]
combined with active stress generation by the cells
indicates that the non-equilibrium physics of active
materials might have played a crucial role in the context
of autonomous cell sorting during development.
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