Reproduction, 2026, 171(3), xaag023

https://doi.org/10.1093/reprod/xaag023 SOCiEtY for
Published: 13 February 2026 REpFOdUCtiOH
Research Paper and Fertility

ICM-autonomous regulation of mouse blastocyst
primitive endoderm formation by p38-MAPK is
independent of cavity expansion

Martina Bohuslavova (née Stiborova)-", Andrea Hauserova>", Rebecca Collier"”, Joaquin Lilao-Garzén*
Silvia Munoz-Descalzo*"™, and Alexander W. Bruce®*:

'Laboratory of Early Mammalian Developmental Biology (LEMDB), Department of Molecular Biology & Genetics, Faculty of Science, University of South
Bohemia in Ceské Budgjovice, Ceské Budéjovice, Czech Republic

’Laboratory of Developmental Quantitative Biology and Molecular Biology of Germ Cells, University Institute of Biomedical and Health Research, University of
Las Palmas de Gran Canaria, Las Palmas de Gran Canaria, Spain

“Corresponding author: Alexander W. Bruce, Laboratory of Early Mammalian Developmental Biology (LEMDB), Department of Molecular Biology & Genetics,
Faculty of Science, University of South Bohemia in Ceské Budéjovice, Branigovska 31, Ceské Budéjovice, 37005, Czech Republic. Email: awbruce@prf.jcu.cz
M.B. (née Stiborova) and A.H. contributed equally.

Abstract

Abstract: During early mouse blastocyst ICM maturation, we previously described that pharmacological inhibition of p38
mitogen-activated-kinase (p38-MAPKi) significantly impairs primitive endoderm (PrE) differentiation from an initially un-
committed population of inner cell mass (ICM) cells but does not affect pluripotent epiblast (EPI) specification. A recent re-
port details a positive role for blastocyst cavity expansion in assisting ICM lineage formation and marker gene expression. As
p38-MAPKi also results in smaller cavity volumes, we addressed to what extent p38-MAPKi-mediated impaired PrE differenti-
ation is driven by ICM autonomous or cavity expansion mechanisms. We compared ICM differentiation phenotypes associated
with either chemically inhibited cavity volume expansion or p38-MAPKi on individual cell and ICM lineage population levels.
Whilst recapitulating previously observed decreases in expression of both EPI and PrE markers, we discovered that cavity ex-
pansion phenotypes are manifested inimpaired numbers of specified EPl and increased numbers of uncommitted cells, rather
than impaired PrE differentiation, as observed after p38-MAPKi. Moreover, using both 2D ES-cell and 3D ICM organoid models,
we show PrE differentiation is also significantly impaired by p38-MAPKi in the absence of a blastocyst cavity; a result recapitu-
lated in cultured immuno-surgically (IS) isolated early blastocyst ICMs, in which an outer PrE and inner EPI population are or-
dinarily formed. These data confirm that the early blastocyst requirement for p38-MAPK activity to permit PrE differentiation
from uncommitted ICM progenitors is primarily ICM autonomous rather than caused by impaired cavity expansion.

Keywords ouabain, ATP1, blastocyst cavity expansion, SB220025, p38-MAPK, ICM cell-fate, epiblast, primitive endoderm, mouse ES-cell and ICM
organoids

Mouse preimplantation development forms three blastocyst line-
ages at implantation (E4.5 - embryonic day 4.5): an outer, differen-
tiating trophectoderm (TE) (placenta precursor; CDX2+) and two
inner cellmass (ICM) lineages—the pluripotentepiblast (EPI) (foetus
progenitors; NANOG+ and SOX2+) and the differentiating primitive
endoderm (PrE) (amonolayer at the ICM-cavity interface contribut-
ing to yolk sac membranes; sequentially activating GATA6, SOX17,
and GATA4 expression), as reviewed in (Chazaud & Yamanaka,
2016; Plusa & Piliszek, 2020). During maturation (E3.5-E4.5),
we previously identified an early p38 mitogen-activated-kinase
(p38-MAPK) requirement (centred around E3.5+4 to +7hr) that
permits PrE differentiation from an initially uncommitted ICM
population [co-expressing NANOG and GATA6 at E3.5; (Chazaud
et al., 2006)], without affecting EPI specification. This phenotype
is associated with defects in ribosome-related gene expression,

rRNA processing, polysome formation, and translation (Bora et al.,
2019; 2021a; 2021b; Thamodaran & Bruce, 2016). p38-MAPKi is
also linked to reduced blastocyst cavity expansion (Bora et al.,
2021b). Cavity expansion in mice involves luminal fluid accumula-
tion across the TE driven by ATP1 (N*/K* ATPase), beginning at the
16-cell stage and coalescing into a single cavity by the 32-cell stage
(E3.0-E3.5) (Motosugi et al., 2005; Ryan et al., 2019; Schliffka et al.,
2024; Watson, 1992; Watson & Barcroft, 2001; Wiley, 1984).

A previous study used ouabain (OA) to inhibit ATP1 function and
found that impaired blastocyst cavity expansion during matura-
tion is associated with reduced expression of both EPI and PrE
marker proteins and with impaired spatial separation of the two
lineages within the ICM (Ryan et al., 2019). Building on these find-
ings, we asked to what extent the PrE differentiation defects we
previously reported under p38-MAPKi are linked to the observed
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reduction in blastocyst cavity volume (Bora et al., 2021b), which
could reflect compromised TE function, or whether they arise
from autonomous ICM mechanisms.

After confirming impaired blastocyst cavity volume expansion
with OA, we observed a concomitant and consistent reduction in
the expression of EPI markers (NANOG and SOX2) and PrE mark-
ers (GATA6, SOX17, and GATA4) in ICM cells. Additionally, by the
late-blastocyst stage (E4.5), OA-treated ICMs contained signifi-
cantly fewer specified EPI cells than controls, while the number
of specified/differentiating PrE cells was unchanged. The reduced
EPI cell numbers were counterbalanced by an increased popula-
tion of uncommitted ICM cells co-expressing NANOG and GATA6,
indicating impaired EPI specification. These data reveal that EPI
specification, rather than PrE differentiation, is more sensitive to
impaired cavity expansion.

Moreover, the OA-induced phenotype differs from the in-
verse PrE-defect observed under p38-MAPKi conditions during
the same developmental window, supporting the role of active
p38-MAPK signalling in promoting PrE differentiation at the ICM
level, independently of cavity expansion. Substantiating this
conclusion, outer PrE cell formation in IS isolated ICMs of early
blastocysts lacking TE and a cavity is impaired after p38-MAPKi;
and PrE-like differentiation is also reduced after p38-MAPKi in
employed 2D ES-cell and 3D ICM organoid models (Mathew et al.,
2019; Schroter et al., 2015). Collectively, these findings reinforce
the role of p38-MAPK signalling in PrE differentiation and highlight
the distinct but interacting contributions of cavity volume expan-
sion and ICM-autonomous mechanisms to blastocyst cell fate.

Materials and methods

Superovulation and embryo isolation

Animal work was conducted in accordance with Act No 246/1992
Coll., on the protection of cruelty against animals under the super-
vision of the Central Commission for Animal Welfare, approval 1D
51/2015 (Czech Republic). Experimental embryos were collected as
previously described (Mihajlovic et al., 2015). Briefly, F1 generations
of 8-week female hybrid mice (C57BL6 female and CBA/W strain
crosses) were intraperitoneally injected with 7.51U of pregnant
mare serum gonadotrophin (PMSG; Merck) and reinjected after 48 hr
with 7.51U human chorionic gonadotrophic hormone (hCG; Merck),
before overnight mating with F1 stud males. At 4 hr before dissec-
tion, culture dishes containing 20x10pl drops of potassium sim-
plex optimised media supplemented with amino acids (KSOM+AA,
(Embryo-Max; Millipore), covered with mineral oil (NidOil - Nidacon)
and equilibrated at 37°C in a 5% CO, atmosphere were prepared.
For inhibitor treatments of intact blastocysts, recovered 2-cell stage
embryos (E1.5;45-47 hr post-hCG) were washed through 20 ul drops
of prewarmed (37°C) M2 media (EMD Millipore Corp. 3816047) con-
taining 4 mg/ml bovine serum albumin (BSA; Merck) and then trans-
ferred through a series of prewarmed KSOM+AA culture drops and
cultured in vitro to the desired stage, including exposure to control
or specific inhibitor treatments (see Embryo/IS isolated ICM inhibitor
treatments). For immuno-surgery experiments, 8-cell (E2.5) embry-
os were recovered and similarly cultured in KSOM+AA to the desired
early-blastocyst (E3.5) stage for ICM isolation (91 or 96 hr post-hCG
injection, see Immuno-surgical ICM isolation) and further cultured in
vitro under control or inhibitor treatment conditions.

Immuno-surgical (IS) ICM isolation

A previously described protocol was adopted (Wigger et al., 2017).
Briefly, early stage (E3.5) blastocysts (at a stage equivalent to 91
or 96 hr post-hCG injection), obtained from in vitro cultured em-
bryos recovered at the 8-cell (E2.5) stage, were subject to zona
pellucidae removal in prewarmed (37°C) acid Tyrode’s solution
drops (Sigma-Aldrich. cat. #T71788) diluted in M2. Blastocysts were
transferred to M2 medium drops for 15 min, incubated for 40 min
in anti-mouse serum antibody (diluted 1:2 in M2 medium: Merck
M5774) and then guinea pig complement (1:4 in prewarmed M2
medium) for 30 min, initiating complement-mediated outer TE
cell lysis. ICMs were isolated by repeated pipetting in prewarmed
M2 medium drops and subject to immediate fixation and immu-
nofluorescence (IF) staining (see Blastocyst/IS isolated ICM fixation
and IF staining) or cultured in KSOM+AA to the E4.5-equivalent de-
velopmental stage.

Embryo/IS isolated ICM inhibitor
treatments

For blastocyst ouabain- (OA-) treatments, early-stage (E3.5) blas-
tocysts (with cavities approximating half the embryonic volume)
were transferred into pre-equilibrated KSOM+AA culture drops
containing either 500uM OA (Merck: 03125) or equivalent vol-
umes of vehicle (dimethylsulfoxide/DMSO, Merck: D4540) solvent
control and cultured to the mid- (E4.0) or late- (E4.5) blasto-
cyst stages, fixed and, as necessary, IF stained (see Blastocyst/
IC isolated ICM fixation and IF staining). Blastocyst p38-MAPKi
treatments were performed as described for OA-treatment, but
utilizing 20 uM SB220225 (Merck: 559396), unless otherwise stat-
ed, and equivalent volumes of DMSO control. For IS isolated ICM
p38-MAPKi treatments, when assessing cytotoxicity, isolated ICMs
were cultured in SB220225 containing KSOM+AA (5, 10 or 20 uM,
or equivalent volumes of DMSO control) to the E4.5 equivalent
stage, prior to fixation and light-microscopy, otherwise they were
cultured in 5uM SB220025 containing KSOM+AA until the E4.0
equivalent stage, before transfer to non-supplemented KSOM+AA
and culture to E4.5, prior to fixation and appropriate IF staining.

Blastocyst/IS isolated ICM fixation and IF
staining

Blastocyst/ICM IF staining protocols are described in (Mihajlovic
et al., 2015). Briefly, blastocyst zona pellucidae were removed in
prewarmed (37°C) drops of acid Tyrode’s solution diluted in M2.
Blastocysts/ICMs were fixed, on 1.5% agar-coated culture dish-
es, in 20 ul drops of a 4% paraformaldehyde solution (Santa Cruz
Biotechnology), overlaid with mineral oil, for 20min at 37°C. All
subsequent steps were performed at room temperature unless
stated. In 96-well micro-titre plates, blastocysts/ICMs were washed
through three 70l drops of phosphate-buffered saline (PBST)
with 0.15% Tween 20 (Merck), placed in 50 pl of 0.5% Triton-X100
(Merck) permeabilization solution (diluted in PBS) for 20min,
washed through three 70 ul drops of PBST and transferred to 50 ul
drops of blocking 3% bovine serum albumin/BSA (Merck) in PBST
for 30 min. Desired primary antibody dilutions were prepared in
3% BSA PBST solutions (in 5 ul volumes overlaid with mineral oil)
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for overnight incubation at 4 °C. After 3x 70 ul drop washes of PBST,
embryos/ICMs were subject to a secondary 3% BSA block (1 hr) and
transferred into 5 ul 3% BSA drops containing appropriate dilutions
of fluorescently-conjugated secondary antibody and incubated
in the dark at 4°C for 3 hr. After three further 70 ul PBS-T washing
steps, embryos/ICMs were DNA counter-stained using Vectashield
mounting medium containing 4’,6-diamidino-2-phenylindole/
DAPI (Vector labs). Primary antibodies (and dilutions) were as
follows: (a) raised in rabbit: anti-GATA4 (sc-9035, Santa Cruz
Biotechnology, 1:200), (b) raised in mouse: anti-SOX2 (sc-365823,
Santa Cruz Biotechnology, 1:200), CDX2 (MU392A-UC; BioGenex,
1:200), (c) raised in goat: anti-SOX17 (AF1924, R&D Systems, 1:200),
anti-GATA6 (AF1700, R&D Systems, 1:200), and (d) raised in rat:
anti-NANOG (14-5761, Affymetrix/eBiosciences, 1:200). Secondary
antibodies (and dilutions): (i) donkey anti-rabbit-Alexa-Fluors’
(ab150075, Abcam, 1:500), (i) donkey anti-mouse-Alexa-Fluor®
(Abcam # ab150107, ThermoFisher, 1:500), (iii) donkey
anti-goat-Alexa-Fluor®>® (A214232, ThermoFisher, 1:500), and (iv)
donkey anti-rat-Alexa-Fluor*® (A21208, ThermoFisher, 1:500).

Blastocyst/IS isolated ICM confocal
microscopy and image analysis (including
statistics)

IF-stained blastocysts/ICMs were imaged, using standard proto-
cols, by fluorescence confocal microscopy as previously described
(Bora et al., 2019; 2021a; 2021b; Gahurova et al., 2023; Mihajlovic
etal., 2015; Mihajlovic & Bruce, 2016; Thamodaran & Bruce, 2016),
ensuring identical acquisition settings for all comparative control
versus experimental groups (that were also simultaneously IF
stained, collectively, aiding the semi-quantitative analyses of spe-
cific marker protein-derived IF signals, which can be influenced
by variables such the angle of imaging or z-section depth). Briefly,
blastocyst/ICM samples were imaged on glass-bottomed 35mm
culture dishes (NC9341562, MatTek) in 20 ul drops of Vectashield
mounting medium overlaid with mineral oil on an inverted
Olympus FV10i confocal microscope. Per blastocyst/ICM, a fulland
non-overlapping z-series of confocal sections was acquired and
micrographimagesvisualised (and prepared for figure generation)
using the Olympus Fluoview ver.1.7, FIJI (Schindelin et al., 2012)
or Imaris software. Per blastocyst/ICM, individual cell numbers
were counted (based on DAPI-stained nuclei) and further subcate-
gorised as outer or inner cells, and then based on their composite
expression of detectable IF-stained lineage markers (see tabulat-
ed summaries in the supplementary Excel data/statistics tables in
the online supplementary material). Absolute mean cell numbers,
per blastocyst/ICM, for each lineage marker-expressing category
were calculated as average percentage contribution to the over-
all ICM populations in each control and experimental condition
derived (an infrequent minority of mitotic ICM cells were exclud-
ed); such absolute numbers (plus calculated mean SDs) and per-
centage contributions were charted using GraphPad Prism 8 or
Microsoft Excel, respectively. Statistical significance of control
versus experimental conditions were determined; (i) for normal-
ly or non-normally distributed absolute cell number mean data
sets (determined with D’Agostino-Pearson and Anderson-Darling
tests), using unpaired Student’s t-tests or Mann-Whitney tests,
respectively, and (ii) for average percentage ICM contribution

using appropriate Z-tests or Mann-Whitney tests (or in the case of
IS ICM-related data, using unpaired Student’s t-tests) employing
a significance threshold of p<0.05 (*); see supplementary Excel
data/statistics tables. Individual cell lineage nuclear marker pro-
tein IF levels, per blastocyst/IS isolated cultured ICM (from four
randomly selected, blastocysts/ICMs in each quartile with respect
to total blastocyst cell number), were calculated, as previously de-
scribed (McCloy et al., 2014; Potapova et al., 2011), and employed
(Bora et al., 2021b; Gahurova et al., 2023) as corrected total cell
fluorescence (CTCF) in FIJI (Schindelin et al., 2012), from minimal
composite confocal micrograph z-sections (encompassing the
entire nucleus). Individual measurements were set using the FlJI
command Analyze>Set Measurements, and the following options
selected: area, mean grey value and, integrated density. Using the
Polygon selection tool, an area encompassing individual cell nu-
clei was demarcated and measurements recorded. The selected
area was translocated to encompass an area excluding the em-
bryo for normalizing background measurements. From repeti-
tive tabulated data, the CTCF, in arbitrary units, was determined
for each nucleus as follows: CTCF = integrated density - (area
of selected cell x mean fluorescence of background readings).
Calculated CTCFs were plotted as scatterplots, indicating means
and standard deviations/SDs (GraphPad Prism 8) and mean CTCF
differences statistically tested via Mann-Whitney tests or unpaired
Students’s t-tests after confirmation of normally distributed data
(D’Agostino-Pearson and Anderson-Darling tests); significance
threshold p<0.05 (*); see supplementary Excel data/stats tables.

Blastocyst cavity volume calculations

For OA- and SB220225-treated (plus corresponding DMSO con-
trols) fixed blastocyst groups, the pico-litre (pl) volume of de-
rived cavities was determined in FIJI [ImageJ (Schindelin et al.,
2012)] by measuring the outer circumference of the cavity in
the centrally located widest Z-stack (with the following settings:
Analyze>Set Measurements; and selecting the Perimeter option;
using the Polygon selection tool to trace and measure the inner
cavity circumference). The radii of measured circumferences
were deduced and used to calculate an approximate equatorial
sectional area from which a pl value could be mathematically
determined. SDs were calculated, and observed differences in
the experimental/control cohorts were statistically tested (af-
ter assessing the normal or non-normal distribution of the data
with D’Agostino-Pearson and Anderson-Darling tests) by using
unpaired Student’s t-tests or Mann-Whitney tests, respectively
(*p<0.05); see supplementary Excel data/stats tables.

2D mouse embryonic stem-cell (ES-cell)
and 3D ICM organoid model cultures and
p38-MAPKi

Mouse ES-cells (Tet::GATA6mCherry) were maintained on
0.1% gelatine-coated tissue culture dishes in Glasgow's mini-
mum essential medium/GMEM-based medium supplemented
with 10% foetal bovine serum/FBS, sodium pyruvate, 50 uM
-mercaptoethanol, glutamax, non-essential amino acids, and
leukaemia inhibitory factor (LIF), and incubated at 37°C and 5%
CO,. To model ICM specification into EPI-like and PrE-like cells,
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2D cultures of Tet::GATA6mCherry mouse ES-cells (Schroter et al.,
2015), or derived 3D ICM organoids (Mathew et al., 2019), were
employed as described. For the 2D model, differentiation was in-
duced by adding 500 ng/ml doxycycline/DOX to the culture me-
dium for 6 hr, followed by further culture in serum + Leukemia
Inhibitory Factor/LIF for an additional 24 hr (in the absence of
DOX). 3D ICM organoids were generated by a similar 6-hr induc-
tion in DOX-containing medium, after which 50 ES-cells were
seeded in coated (1% low-melt agarose in PBS) concave wells of
96-well plates in medium containing serum + LIF (briefly pulse
centrifuged) and cultured for 48hr (until aggregate ICM orga-
noids formed). p38-MAPK inhibitor SB220025 at 5, 10, or 20 uM (or
equivalent volumes of DMSO control) was added during the +DOX
induction phase for 6 hr (+DOX). IF staining was performed as pre-
viously described (Kalmar et al., 2009). Briefly, adhered cells or
ICM organoids were rinsed in borate buffer solution/BBS-CaCl,
prior to fixation in 4% paraformaldehyde for 15 min at room tem-
perature and three washes in BBS-BSA (0.1% Triton X-100, 0.5%
BSA) permeabilisation/blocking solution for 15min. Cells were
incubated in primary antibody overnight at 4°C in a humidity
chamber. Primary antibodies included: NANOG (14-5761-80, eBI-
OSCIENCE, 1:200), GATA6 (AF1700, R&D Systems, 1:200), GATA4
(sc-9053, Santa Cruz Biotechnology, 1:200). Cells were then
washed three times with BBS-BSA for 15min before incubation
in appropriate secondary antibody for 1-3 hr in the dark; (i) don-
key anti-rat Alexa-Fluor*® (A-21208, ThermoFisher, 1:1000), (ii)
donkey anti-goat Alexa-Fluor®® (A-11057, ThermoFisher, 1:1000),
(iii) donkey anti-rabbit Alexa-Fluor®’ (A-31573, ThermoFisher,
1:1000). Nuclei were visualized via DAPI counter-staining (D1306,
ThermoFisher, 1:1000 in PBS). Cells were then washed three
times (10 min) in BBS-CaCl, and mounted using prepared mount-
ing medium (high mounting medium; 4% N-propyl-galate, 80%
glycerol).

2D mouse ES cell and 3D ICM organoid
model microscopy and image analysis

Cells were imaged using an inverted Zeiss LSM Zeiss LSM700 and
a Plan-Apochromat 40x/1.3 Oil differential interference contrast/
DIC (ultra-violet/UV) VIS-IR M27 objective. Images were acquired
using512x512 pixels (159.73x 159.73 um) resolution of specimens
that were simultaneously IF stained under identical conditions
and imaged under identical conditions regarding laser intensity,
gain, and pinhole aperture during a single confocal session. Zeiss
AIM software (Carl Zeiss Microsystems) and FIJI (Schindelin et al.,
2012) were used for image acquisition and visualisation, respec-
tively. Cell images were processed and analysed as previously
described (Fischer et al., 2020). Briefly, a Matlab-based software
called Modular Interactive Nuclear Segmentation (MINS) was
used to segment ES-cell confocal images based on the DAPI nu-
clear stain (Lou et al., 2014). MINS detected and segmented each
nucleus, providing a fluorescence intensity output of each chan-
nel of each individual cell. Composite analyses were performed,
using the software Paleontological Statistics (PAST; https://
palaeo-electronica.org/2001_1/past/issuel_01.htm), of NANOG,
GATAG6, and GATA4 fluorescence levels to permit the calculation of
threshold levels by which individual cells were classified as posi-
tive or negative for each protein marker.

2D mouse ES cell and 3D ICM organoid
model statistics

Analysis of Variance/ANOVA with Tukey’s multiple comparison
tests were used for comparisons between groups and Z-tests for
frequencies, followed by Bonferroni correction for multiple com-
parisons. Values of p<0.05 (*) were considered statistically sig-
nificant. Statistical tests were performed using GraphPad Prism
version 8.0.0 for Windows, GraphPad Software, San Diego, CA,
USA (www.graphpad.com).

Results

OA and p38-MAPKi-induced blastocyst
cavity expansion defects result in distinct
ICM cell fate population phenotypes

We previously reported that cultured mouse blastocysts
(E3.5-E4.5) exposed to p38-MAPKi [using SB220025 (Jackson
et al., 1998)] show more uncommitted ICM cells (NANOG+ and
GATA6+) and fewer differentiating PrE cells (GATA4+), with little
effect on EPI specification (NANOG+ but lacking GATA6/GATA4),
indicating impaired PrE progenitor differentiation (Thamodaran
& Bruce, 2016). Additionally, p38-MAPKi-treated blastocysts have
significantly reduced cavity volume (Bora et al., 2021b). Another
study shows that experimentally reducing cavity expansion (via
OA-mediated ATP1 inhibition or cavity-fluid removal) lowers ex-
pression of EPI and PrE marker proteins (SOX2 and GATA4) and
impairs ICM cell sorting (Ryan et al., 2019); directly implicating
an inductive cell-signalling role for cavity-deposited FGF4 and in-
voking potential physical/mechanosensory-based mechanisms,
based on dynamic changes in cell adhesion and shape and altered
gene expression, as inferred from studies of tissue morphogene-
sis throughout development (reviewed in Mammoto et al., 2013).
Therefore, we aimed to extend these findings and determine how
OA treatment affects the derivation and final EPI versus PrE com-
position of the late-blastocyst (E4.5) ICM lineages. We also sought
to compare OA-phenotypes with those of p38-MAPKi during the
same maturation window to understand whether p38-MAPKi-me-
diated impairment of PrE specification/differentiation arises
from cavity expansion effects per se or from ICM-autonomous
mechanisms.

We first recapitulated our published p38-MAPKi blastocyst mat-
uration phenotypes (E3.5-E4.5), showing impaired PrE specifica-
tion/differentiation and reduced cavity volume expansion (Bora
etal., 2021b; Thamodaran & Bruce, 2016), assessed by IF staining
for GATA4/GATA6 and NANOG or GATA4/GATA6 and SOX2 (sup-
plementary Figures S1 and S2, see online supplementary mate-
rial; assaying ICM cell fate resolution, quantified marker protein
fluorescence levels, and blastocyst cavity volume). Following an
analogous approach, we cultured early blastocysts (E3.5) in the
presence of OA (as previously described by Ryan et al., 2019)
or dimethylsulfoxide (DMSO) vehicle control for 12hr (E4.0) or
24hr (E4.5). Consistent with previous reports (Bagnat et al.,
2007; Manejwala et al., 1989), OA treatment caused significant
cavity-volume defects and by E4.5 was associated with impaired
blastocyst hatching [i.e., 26/28 (93%) in DMSO versus 2/32 (6%)
after OA-treatment; with an observed rate of 2/11 (18%) after a
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Figure 1 Ouabain (OA) treatment during blastocyst maturation causes reduced cavity size and impaired hatching without affecting total embryo cell
number: (a) Experimental scheme of OA treatment and assay points, for total embryo cell number and blastocyst cavity volume, during blastocyst
maturation period (E3.5-E4.5); note, an OA-treated group of blastocysts was cultured for a further 24 hr (E5.5) to observe incidences of hatching. (b)
Bright-field micrographs of control [dimethylsulfoxide (DMSO)] or OA-treated blastocyst groups at E4.5 (left); note impaired blastocyst hatching (see
arrows in control) after OA treatment, which persisted to the equivalent E5.5 stage (right); the number of hatching, over total, blastocysts cultured per
treatment group is indicated; scale bar 100 um. (c) Average blastocyst cavity volume per control or OA-treated blastocyst group at E4.0 (left) or E4.5
(right). (d) Average total cell number per control (DMSO) or OA-treated blastocyst group at E4.0 (left) or E4.5 (right). (c) and (d): arithmetic means (red
bars), SDs and statistically significant differences are highlighted (for normal or non-normally distributed data, unpaired t-test or Mann-Whitney tests
were employed, respectively. *p<0.05; see supplementary data/stats Excel tables).

further 24 hr of culture in OA], without affecting total embryo or
ICM cell numbers at either time point (Figure 1).

To extend these findings, we conducted confocal microscopy
IF imaging to quantify: (i) ICM population sizes of specified EPI,
differentiating PrE, and uncommitted progenitors (unique to this
study), and (ii) the detected IF levels of ICM lineage markers (as
conducted in Ryan et al., 2019). This served two purposes. Firstly,
to corroborate and expand the OA-related ICM cell-fate data, and
secondly, to provide an OA-related reference dataset for compar-
ing phenotypes with those induced by p38-MAPKi. Furthermore,
to broaden the repertoire of lineage markers and developmental
timepoints analysed under OA-treatment conditions, we probed
combinations of EPI markers (NANOG or SOX2) with PrE mark-
ers (GATA6, SOX17, or GATA4) following OA treatment. Under
+0A conditions, we first determined the average number of cells
contributing to ICM sub-populations at E4.0, based on assigning

combinations of expressed lineage markers: NANOG, GATA6, and
GATA4. These are summarised as population percentage contri-
butions across the whole ICM (Figure 2 and Figure S3, see online
supplementary material) or as absolute cell numbers per embryo
(Figure S4, see online supplementary material), with associated
analyses of detected IF levels for each marker (Figure S5, see on-
line supplementary material) as a semi-quantitative readout of
marker protein expression. At E4.0, many ICM cells in both con-
trol (DMSO) and OA-treated blastocysts remained NANOG+ and
GATAG+ (N+G6+), i.e., uncommitted progenitors, indicating incom-
plete resolution of EPI- and PrE-specified progenitors by this stage
(orange arrows in Figure 2b). However, OA-treatment significantly
increased the percentage of uncommitted ICM cells compared
with DMSO (57.0% versus 47.0%, Figure 2c) and reduced the frac-
tion of EPI-specified cells (N+G6-) from 20.2% in DMSO to 14.4%
in OA. The proportion of PrE-specifying cells (N-G6+G4-) showed
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Figure 2 Ouabain treatment during blastocyst maturation impairs EPI specification from uncommitted ICM progenitors without affecting PrE
differentiation (IF: NANOG, GATA6, anda GATA4): (a) Experimental scheme of OA treatment and assay points during blastocyst maturation period
(E3.5-E4.5). (b) Left: schematic diagram of typical expression of ICM lineage marker proteins in uncommitted early-blastocyst (E3.5) stage (NANOG and
GATAG co-expression, yellow) and at the late-blastocyst (E4.5) stage (EPI NANOG alone, green, PrE GATA6 and GATA4 in the absence of NANOG, magenta).
Right: example confocal single z-section micrographs of control [dimethylsulfoxide (DMSO)] or OA-treated blastocysts IF assayed for combined NANOG,
GATAG, and & GATA4 expression at E4.0 and E4.5 (scale bar, 20 um). (c) Average cellular percentage ICM composition of control (DMSO) or OA-treated
blastocysts IF assayed for cell lineage marker expression at E4.0 and E4.5; delineated as uncommitted (co-expressing NANOG & GATAG6, orange), PrE
(expressing GATA6 alone, light purple, or GATA6 plus GATA4 without NANOG, dark purple), and EPI (expressing NANOG without GATAG or GATA4,

green); note, no cells express GATA4 alone, in the absence of either of the other assayed markers. Statistically significant differences highlighted

(Z-test; *p<0.05, see supplementary data/stats Excel tables; embryo n-numbers highlighted). See Figure S3 for the same data represented as pairwise
comparisons of NANOG and GATA6 or NANOG and GATA4 (co-)expression, and Figure S4 for average total cell number data per assayed embryo. Note,
OA-treatment results in unaffected PrE specification, impaired EPI formation, and increased incidence of uncommitted ICM cells (at E4.0 and E4.5),
versus the control DMSO-treatment; see orange arrows in (b).
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a non-significant difference between groups (DMSO 15.2% versus
OA 11.6%, Figure 2c). The fraction of ICM cells expressing the later
PrE marker GATA4 (which was always co-expressed with GATAG)
was also not significantly different between groups (DMSO 17.6%
versus OA 17.0%, Figure 2c). Since OA did not affect total blasto-
cyst cell number (Figure 1), the shifts in ICM composition at E4.0
with OA are also reflected in the overall cell-number changes, with
fewer EPI-specified cells (N+G6-) and more uncommitted cells
(N+G6); and, PrE-specified cell numbers, marked by GATAG in the
absence of NANOG or by GATA4, did not significantly differ (Figure
S4, see online supplementary material). Although OA-treatment
selectively impaired EPI specification, it did not alter the average
per-cell NANOG-specific IF levels within EPI (N+G6-) or uncommit-
ted (N+G6+) cells. By contrast, GATAG IF levels were significantly
reduced in both uncommitted (N+G6+) and specifying PrE (N-
G6+) cells, even though such PrE-related populations were un-
affected in size. Notably, detected GATA6 fluorescence remained
unchanged in those PrE cells that had already begun to express
GATA4 (N-G6+G4+), and GATA4 fluorescence levels themselves
were unchanged (Figure S5, see online supplementary material).
Taken together, OA-induced cavity-size reduction at E4.0 corre-
lates with impaired EPI progenitor specification from the initially
uncommitted E3.5 ICM, without altering average NANOG fluores-
cence levels in those cells, but it does not impair PrE specifica-
tion/differentiation, even though GATAG6 fluorescence is reduced
in some uncommitted and early PrE subpopulations that have not
yet expressed detectable GATA4.

We next asked what effect OA treatment would have on E4.5
stage blastocyst ICMs (Figure 2c and Figures S3 and S4). A smaller
population of uncommitted ICM progenitors (N+/G6+) remained
observable in both DMSO- and OA-treated embryos, reflecting
ongoing ICM fate resolution during later blastocyst maturation.
However, as at E4.0, this uncommitted population was signifi-
cantly greater with OA treatment than in control DMSO conditions
(7.5% in DMSO versus 17.6% in OA of the total ICM). Similarly,
there was a significant reduction in the proportion of specified
EPI cells (N+/G6-) in OA-treated embryos (DMSO 36.6% versus OA
25.6%), while the overall contribution of PrE-specified cells (N-
G6+G4- plus N-G6+G4+ populations) did not significantly differ
between groups (DMSO 55.9% versus OA 56.8%); although, there
was a small, yet significant, increase in PrE-specified cells that
only expressed GATAG6 in the absence of GATA4 (DMSO 4.5% versus
OA 8.7%; Figure 2c and Figure S3). Thus, OA treatment through-
out the entire blastocyst maturation period, which also impairs
cavity expansion (Figure 1), uniquely disrupts the specification of
EPI progenitors from initially uncommitted ICM cells, while overall
PrE specification is not similarly affected (these phenotypes are
also evident when looking at the averaged total ICM cell numbers
at E4.5, Figure S4). This indicates that the mid-blastocyst (E4.0)
specification defects persist through to the late-blastocyst stage.
Although even in the continued presence of OA, the ICM percent-
age contribution of EPI-specified cells (only expressing NANOG)
did increase (i.e., from 14.4% at E4.0 to 25.6% at E4.5, Figure 2
and Figures S3 and S4), indicating that EPI-specification was not
blocked but merely delayed. An analysis of the average IF levels
of all three lineage markers showed that OA treatment signifi-
cantly reduced detectable NANOG levels in both EPI-specified
cells (N+G6-) and uncommitted cells (N+G6+). GATA6 and GATA4
IF levels were also reduced in PrE-specified and differentiating

cells (i.e., N-G6+ and N-G6+G4+), but GATAG6 fluorescence in un-
committed cells (N+G6+) remained unaffected (Figure S5). These
findings align with previous reports that OA treatment diminish-
es detectable EPI (SOX2) and PrE (GATA4) marker expression up
to E4.0, even though those earlier studies examined blastocysts
flushed at E3.5 (Ryan et al., 2019) rather than those cultured from
the 2-cell stage.

We repeated both OA treatment regimens and assayed SOX2 (as
in Ryan et al., 2019) and SOX17 expression as alternative markers
forthe EPI[SOX2 (Avilion et al.,2003; Wicklow et al., 2014)] and PrE
[SOX17 (Artus et al., 2011; Niakan et al., 2010)] lineages (Figure 3
and Figure S6, see online supplementary material). At E4.0, OA
caused a significant reduction in the proportion of EPI-specified
cells that express only SOX2 (S2+S17-; DMSO 51.1% versus OA
38.9%), while the proportion of PrE-specified cells (52-S17+) did
not differ significantly (DMSO 20.3% versus OA 16.4%). OA also led
to a significantly higher fraction of ICM cells co-expressing both
markers (S2+S17+; DMSO 28.6% versus OA 44.7%). These trends
were mirrored in the averaged total ICM cell numbers (Figure S6).
Interestingly, despite SOX17 being a temporally later PrE mark-
er than GATAG (in the absence of NANOG), a large proportion of
mid-blastocyst (E4.0) ICM cells, even in control DMSO condi-
tions, initiated SOX17 expression while SOX2 remained present.
Moreover, such co-expression of SOX2 and SOX17 was further
enhanced by OA treatment. Although SOX2/SOX17 co-expression
resembles uncommitted cells co-expressing NANOG/GATAG (i.e.,
co-expression of respective EPl and PrE markers), it may be more
appropriate to interpret this state as a transient phase of ICM spec-
ification, arising during the transition from the early-blastocyst
stage, rather than a maintained condition, given that early-stage
(E3.5) blastocyst ICM cells co-express NANOG and GATA6 but
do not express SOX17 (Chazaud et al., 2006; Niakan et al., 2010;
Thamodaran & Bruce, 2016). Furthermore, whilst ICM cells of ma-
turing blastocysts ordinarily transit this state, as evidenced in the
DMSO-treated control group, it is potentiated by OA treatment
and its associated cavity volume expansion defects (Figure 1),
and it is marked by enhanced SOX2, yet unchanged SOX17, levels
of IF (Figure S7, see online supplementary material). Despite this,
when OA treatment was applied from E3.5 to E4.5, the percentage
compositions of ICM cells defined by SOX2 and SOX17 expression/
co-expression were not statistically different (Figure 3). This res-
olution of ICM cell fate contrasts with the results of the NANOG/
GATAG6 analysis, where EPI specification from uncommitted ICM
progenitors is significantly impaired at E4.0 and persists through
E4.5, albeit in a manner indicative of delayed, rather than blocked
specification (Figure 2 and Figures S3 and S4). Thus, the observed
E4.5-related discrepancies in EPI specification when assaying
NANOG and SOX2 markers may reflect differential cell-signalling
and/or mechanosensory regulation of their individual expres-
sion, across the ICM, as a response to impaired cavity expan-
sion (Figure 1). Equally, they also support the conclusion that
OA-induced reductions in blastocyst cavity volume impair, rath-
er than completely block, EPI specification. The degree of such
observable impairment varies depending on the EPI markers
assessed. Notably, by E4.5, the per-ICM-cell fluorescence levels
of both SOX2 and SOX17 (where detected) were significantly re-
duced across all expression/co-expression categories (Figure S7),
consistent with previous data showing OA-induced reductions in
EPI (SOX2) and PrE (GATA4) markers after OA treatment between
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Figure 3 Ouabain (OA) treatment during blastocyst maturation impairs EPI specification without affecting PrE differentiation (IF: SOX2 and SOX17): (a)
Experimental scheme of OA treatment and assay points during blastocyst maturation period (E3.5-E4.5). (b) Left: schematic diagram detailing typical
expression of ICM lineage marker proteins at the late-blastocyst (E4.5) stage (EPI SOX2 alone, green, PrE SOX17, magenta). Right: example confocal
single z-section micrographs of control [dimethylsulfoxide (DMSO)] or OA-treated blastocysts IF assayed for combined SOX2 and SOX17 expression

at E4.0 and E4.5 (scale bar 20 um). (c) Average cellular percentage ICM composition of control (DMSO) or OA-treated blastocysts at E4.0 (left) and

E4.5 (right); delineated as co-expressing (SOX2 and SOX17), PrE (expressing SOX17 without SOX2), and EPI (expressing SOX2 without SOX17) cells.
Statistically significant differences highlighted (Z-test; *p<0.05, see supplementary data/stats Excel tables; embryo n-numbers highlighted). See Figure
S6 for average cell number population data/per assayed embryo. Note, OA-treatment results in unaffected ICM specification of PrE at E4.0 and E4.5 and
impaired formation of EPI and increased incidence of co-expressing cells at E4.0, compared to control DMSO-treatments; see orange arrows in (b).
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E3.5 and E4.0 (Ryan et al., 2019). Collectively, these findings con-
firm that OA-mediated reductions in cavity size (Figure 1) are
associated with reduced fluorescence levels of markers for both
ICM lineages, but preferentially impede the differentiation of EPI
progenitor cells rather than their PrE counterparts (Figures 2 and
3 and Figures S3-S7).

In summary, these analyses show that OA-induced impairment
of blastocyst cavity volume expansion affects the appropriate for-
mation of ICM subpopulations by developmentally impairing EPI
specification while leaving PrE specification relatively unaffected
(Figures 1-3). This is accompanied by reduced IF levels for both
EPI and PrE marker proteins (Figures S5 and S7), supporting a
direct cell-signalling-based and/or mechanosensory role for cav-
ity expansion in maintaining ICM marker protein expression, as
previously reported (Ryan et al., 2019). This phenotype, howev-
er, contrasts with our earlier p38-MAPKi results (Bora et al., 2019;
2021b; Thamodaran & Bruce, 2016), where PrE specification/dif-
ferentiation from uncommitted ICM progenitors is compromised
rather than EPI specification (Figures S1 and S2). Thus, although
p38-MAPKi inhibition is associated with reduced cavity expan-
sion, it is unlikely to be a major driver of the PrE-specific pheno-
type previously observed.

PrE differentiation in early blastocyst
(E3.5) isolated ICMs is impaired by p38-
MAPKi

To address the hypothesis that p38-MAPK supports PrE specifi-
cation/differentiation via an ICM autonomous mechanism, we
assayed ICM lineage formationin a context devoid of TE and associ-
ated cavity expansion, using IS isolated ICMs. Depending on exact
timing, cultured IS-derived early ICMs from E3.5 mouse blasto-
cysts, where outer TE cells are removed by complement-mediated
lysis [Figure S8; (Solter & Knowles, 1975)], either reform an outer
TE layer (sometimes reconstituting a cavity) or, if TE fate has al-
ready irreversibly committed (Posfai et al., 2017), develop an out-
er differentiated PrE encapsulating NANOG-expressing EPI cells
(Wigger et al., 2017). We first reproduced these findings: ICMs iso-
lated around 91hr post-hCG (relative to female superovulation)
and cultured for 24 hr reconstituted a TE-expressing CDX2, where-
as those isolated at 96 hr formed an outer PrE layer marked by
GATA4 surrounding NANOG-expressing EPI cells (Figure S8). Using
the 96-hr timepoint, we identified a working concentration of
5uM SB220025 (p38-MAPK:i) that did not cause ICM cytotoxicity af-
ter24hrin culture (Figure S9, see online supplementary material);
despite greater cytotoxic sensitivity of 1S-isolated ICMs compared
to p38-MAPKi in intact blastocysts, a similar 5uM (versus 20 uM)
treatment in E3.5-E4.5 cultured blastocysts still produced a small
but significant increase in the proportion/number of uncommit-
ted cells [compare Figures S10 and S11 (see online supplemen-
tary material) with previous results (Thamodaran & Bruce, 2016)
or those recapitulated here in Figures S1 and S2]. The increased
p38-MAPKi sensitivity of isolated ICMs most probably reflects en-
hanced availability of the inhibitor to ICM cells, in a context lack-
ing overlying TE cells in blastocyst treatments.

Previously, we reported a narrow and irreversible minimal
window for p38-MAPKi-mediated PrE impairment before the
mid-blastocyst stage [i.e., between E3.5 and E4.0; (Bora et al.,

2021b; Thamodaran & Bruce, 2016)]. This is reflected in the fact
that blastocysts exposed to p38-MAPKi after E4.0 do not exhib-
it deficits in PrE cell numbers by E4.5, but inhibition between
E3.5-E4.0, which is subsequently removed, significantly impairs
PrE differentiation (Thamodaran & Bruce, 2016). Therefore, we
tested the effect of 12 hr of +p38-MAPKi (5 uM SB220025) followed
by 12 hr in standard medium (to reach the equivalent E4.5 stage)
on ICMs isolated at the 96-hr post-hCG timepoint, assessing EPI
(SOX2) and PrE (GATA4) formation (Figure 4 and Figure S12, see
online supplementary material). We found that, in accord with
similar treatment of intact blastocysts (E3.5-E4.5), p38-MAPKi
efficiently impaired specification and differentiation of the PrE
(marked by GATA4 expression in the absence of SOX2), in stark
contrast to DMSO vehicle-treated controls exhibiting a surface
PrE layer. Indeed, we rarely observed cells positive for GATA4 ex-
pression in any IS-isolated ICMs after p38-MAPKi treatment (i.e., in
only 3/13 ICMs assayed, comprising a total of 2.6% of all assayed
cells versus 68.2% in DMSO controls), whereas all other cells ex-
pressed the EPI marker SOX2. However, we did observe that al-
though virtually all ICM cells expressed SOX2 after p38-MAPKi
treatment, the average detected per-cell SOX2 IF level was signifi-
cantly reduced compared with controls (Figure S12). Consistently,
this p38-MAPKi-induced reduction in SOX2 fluorescence was also
seen in intact blastocysts (i.e., in cells lacking GATA6/GATA4 ex-
pression; Figure S2), although the trend did not extend to the
alternative EPI marker NANOG (Figure S1), indicating differing rel-
ative stabilities in EPI lineage marker expression under p38-MAPKi
conditions. Overall, we interpret these data as indicating that PrE
specification and differentiation requires active p38-MAPK signal-
ling, even in a TE- and cavity-free context, in a manner consistent
with an ICM-autonomous mechanism of cell-fate resolution.

PrE differentiation in inducible 2D ES-cell
and 3D ES-cell ICM organoid models is
sensitive to p38-MAPKIi

Previous work with the transgenic 2D mouse Embryonic Stem-
(ES-) cell line Tet::GATA6mCherry (Mathew et al., 2019; Schroter
et al., 2015) shows that a 6-hr transient exposure to doxycy-
cline (+DOX) induces co-expression of endogenous NANOG and
the recombinant, DOX-induced GATA6-mCherry protein. This
co-expression mirrors the uncommitted state of early blastocyst
ICM (Chazaud et al., 2006). Furthermore, after 24 hr of in vitro
culture without DOX (-DOX), and even under conditions that pro-
mote ES cell pluripotency (i.e., +serum +LIF), cells adopt mutually
exclusive patterns of NANOG and GATA6 expressing populations.
In this model, GATA6 expression is accompanied by induced ex-
pression of other PrE markers such as SOX17 and GATA4 (Mathew
et al., 2019; Schroter et al., 2015). Therefore, we adopted this
ES-cell-based ICM cell fate model to test the effect of p38-MAPKi,
investigating whether p38-MAPK promotes PrE fate independent-
ly of cavity-expansion-related morphologies, acting instead at the
cell (and by inference the ICM) population level.

Accordingly, we exposed Tet::GATA6mCherry ES cells to ei-
ther control DMSO or increasing concentrations of SB220025/
p38-MAPKi (5, 10, and 20uM) during the 6-hr +DOX induc-
tion period and immediately assayed for endogenous NANOG
and GATA4 and recombinant GATA6-mCherry expression by
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Figure 4 p38-MAPKi treatment of early-blastocyst (E3.5) stage isolated ICMs effectively impairs PrE lineage differentiation: (a) Experimental scheme of
early-blastocyst (E3.5 96 hr post-human chorionic gonadotrophic hormone (hCG) superovulation microinjection) stage ICM isolation and 12-hr culture
under control [dimethylsulfoxide (DMSO)] or p38-MAPK:i (5 uM SB220025) conditions before transfer into regular growth medium for another 12 hrs,
until the equivalent late-blastocyst (E4.5) stage, and IF staining for ICM lineage markers (SOX2 and GATA4). (b) Left: schematic diagram detailing typical
expression of ICM lineage marker proteins in isolated and cultured early-blastocyst stage ICMs (i.e., after TE commitment) (EPI SOX2 alone, cyan; and
PrE, red, in the absence of SOX2 expression). Right: example confocal single z-section micrographs of control (DMSO) or p38-MAPKi-treated ICMs IF
stained for combined SOX2 and GATA4 expression (scale bar 20 pm); plus, merged images and a maximally projected z-section image (right-most
micrographs). (c) Average cellular percentage ICM composition of control (DMSO) or p38-MAPKi-treated ICMs; delineated as EPI (SOX2) or PrE (GATA4)
expressing cells. Statistically significant differences highlighted (unpaired t-test; *p<0.05, see supplementary data/stats Excel tables; ICM n-numbers
shown). See Figure S12 for average cell number population data/per assayed isolated ICM.

confocal-IF microscopy (Figures S13 and S14, see online supple-
mentary material). Under DMSO control conditions, we confirmed
co-expression of NANOG and GATA6-mCherry in the absence of
detectable GATA4 (N+G6+) in 71.7% of assayed cells, resembling
the uncommitted early-blastocyst ICM state and confirming suc-
cessful GATA6-mCherry induction. Interestingly, 21.5% of these
DMSO-treated cells showed downregulated NANOG (N-G6+),
suggesting initiation of differentiation toward a PrE fate. In all
p38-MAPKi treatment conditions, the proportion of such cells
was significantly reduced, and the proportion of uncommitted

cells (N+G6+) was significantly increased. This effect was most
pronounced using 10 uM SB220025/p38-MAPKi (N+G6+ = 93.3%
and N-G6+ = 2.7%), which, unlike the 20 uM treatment, did not
show cytotoxicity. Additionally, quantification of the IF levels
of the assayed marker proteins revealed a significantly higher
NANOG-specific signal in the 10 uM p38-MAPKi-treated uncom-
mitted (N+G6+) cells compared to DMSO controls (Figure S15,
see online supplementary material), suggesting that the reduced
derivation of N-G6+ cells (resembling the PrE) is antagonised by
p38-MAPKi through enhanced induction of endogenous NANOG.
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Figure 5 p38-MAPKi impairs PrE-like specification and differentiation in a 2D recombinant GATA6-inducible mouse ES-cell model: (a) Mouse ES-cell
line Tet::Gata6mCherry is induced by a 6-hr pulse of doxycycline treatment (+DOX 6 hr) to co-express endogenous NANOG and a recombinant
GATA6-mCherry. After another 24 hr of culture in regular culture media (-DOX 24 hr), individual cells mature to express NANOG or endogenous GATA6/
GATA4 in a mutually exclusive pattern (Schroter et al., 2015). ES-cell cultures were exposed to +DOX 6 hr induction plus p38-MAPKi (10 uM SB220025)
or vehicle control [dimethylsulfoxide (DMSO)] before transfer into regular culture -DOX 24 hr conditions for 24 hr, followed by fixation and IF-staining
(NANOG, GATA6 and GATA4). (b) Example ES-cell confocal micrographs related to the indicated +DOX 6 hr treatment conditions, IF stained for
endogenous NANOG, GATA6, and GATA4 (grey-scale); plus pseudo-coloured merge image (NANOG, green; GATAG, red; and GATA4; greyscale). Arrowheads
denote cells exclusively expressing NANOG (green) or GATAG (red) or those co-expressing NANOG and GATAG6 (yellow) or GATA6 and GATA4 (white),
respectively. Scale bars 20 um. (c) Average cellular percentage composition of ICM cell lineage marker protein (co-)expression of indicated culture
conditions, detailing: (i) compared NANOG and GATAG6 (co-)expression status only (left panel), (ii) compared NANOG and GATA4 (co-)expression status
only (middle panel), and (iii) all possible cell lineage marker expression combinations (right panel; +/-N = NANOG, +/-G6=GATA6, and +/-G4 =GATA4).
Individual percentage ICM contributions and statistically significant differences are highlighted (Z-test; *p <0.05; total ES-cell n-numbers highlighted).
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We next tested the effect of p38-MAPKi treatment, applied dur-
ing the 6-hr +DOX induction period, on the expression of NANOG,
GATAG6, and GATA4, after a further 24 hr of culture in normal me-
dium without DOX (Figure 5). Considering pairwise combina-
tions of NANOG with either GATA6 or GATA4 expression, we found
that p38-MAPKi-treated ES-cells were significantly impaired in
generating cells that lack NANOG but express GATA6 (N-G6+):
14.4% in DMSO controls versus 4.3% with p38-MAPKi (Figure 5c,
left panel). Similarly, cells expressing GATA4 in the absence of
NANOG (N-G4+) were reduced: 14.8% in controls versus 4.5%
after p38-MAPKi (Figure 5¢, middle panel). This impairment was
accompanied by a significant shift toward uncommitted states
that co-express NANOG and GATA6 (N+G6+): 30.6% in controls
versus 42.8% with p38-MAPKi. The proportion of cells expressing
only NANOG without GATA6 (N+G6-) was not significantly altered
(45.2% in controls versus 44.0% in p38-MAPKi; Figure 5c, left pan-
el); however, there was a significant increase in cells expressing
NANOG in the absence of GATA4 (N+G4~; Figure 5c, middle pan-
el), indicative of a population comprising cells resembling both
an EPI and uncommitted (that would also express GATA®6) state,
respectively. Collectively, these results follow those obtained
after p38-MAPKi in intact blastocysts (Bora et al., 2019; 2021b;
Thamodaran & Bruce, 2016) (recapitulated here; Figure S1) and
IS-isolated ICMs (Figure 4 and Figure S12) cultured through the
blastocyst maturation period (E3.5-E4.5). Unlike the timepoint
immediately after +DOX induction, we did not observe a signifi-
cant increase in NANOG-derived IF levels in cells in the uncom-
mitted state (N+G6+), although GATA6 fluorescence levels were
significantly elevated, including in the subset of cells that had
initiated differentiation towards a state resembling the PrE (N-
G6+). NANOG fluorescence levels were also significantly higher in
cells reminiscent of the blastocyst EPI (N+G6- and N+G4-; Figure
S16, see online supplementary material). When considering only
a comparison of NANOG and GATA4 status (Figure 5¢, middle pan-
el), p38-MAPKi caused a significant increase in the proportion of
otherwise uncommon cell populations co-expressing NANOG and
GATA4 (N+G4+: 2.0% with DMSO versus 8.9% after p38-MAPK:i),
further indicating defects akin to impaired PrE differentiation in
blastocysts (Figure 5, note that a comprehensive summary of all
possible co-expression statuses for NANOG, GATA6 and GATA4 is
provided in the right-hand chart of panel c). Collectively, these
ES-cell data support a role for p38-MAPK activity in facilitating cell
differentiation towards a fate resembling the blastocyst PrE.

An additional feature of the Tet::GATA6mCherry ES-cell system
is that after recombinant GATA6-mCherry induction, cells can be
driven to form 3D aggregates that, following 48 hr of culture, de-
velop into ICM organoid structures with an outer layer, express-
ing GATA6, SOX17, and GATA4, surrounding an inner population
that expresses the EPI marker NANOG (Mathew et al., 2019).
When we formed ICM organoids from induced Tet::GATA6mCherry
ES-cells cultured under control or p38-MAPKi conditions, we ob-
served significant reductions in the percentage of cells expressing
PrE-related markers, but not to the same extent as observed in
2D cultures: N-G6+ cell populations declined from 21.1% (DMSO)
to 18.9% (p38-MAPKi) and N-G4+ declined from 21.0% (DMSO) to
18.1% (p38-MAPKi). These reductions were accompanied by mod-
est but significant increases in cells expressing neither NANOG nor
GATA6/GATA4 (N-G6-: 12.8% to 16.2%; N-G4-: 12.9% to 17.0%)
(Figure S17, plus Figure S18 summarising generally reduced IF

levels for all assayed marker proteins in ICM organoids derived
from p38-MAPKi-treated ES-cell induction, except for NANOG in
N+G4+ cells, see online supplementary material). Taken togeth-
er, these data suggest that while p38-MAPKi treatment impairs
differentiation from the derived uncommitted GATA6-mCherry-
induced ES-cell population towards an apparent PrE fate (Figure 5
and Figures S15 and S17), the prolonged 48-hr —-DOX culture re-
quired to form 3D aggregate ICM organoids provides a permissive
window for partial compensatory cell-fate resolution, although
the complete restoration of marker protein expression resem-
bling blastocyst PrE differentiation observed in controls is not
achieved.

Discussion

It was previously reported that OA-mediated inhibition of ATP1
during mouse blastocyst maturation (E3.5-E4.0) impairs blasto-
cyst cavity expansion and markedly reduces expression of both
EPI (SOX2) and PrE (GATA4) markers (Ryan et al., 2019). We reca-
pitulated OA-induced cavity defects (Figure 1) and observed re-
ductions in IF-derived fluorescence levels for an expanded set of
EPI (NANOG, SOX2) and PrE (GATAG, GATA4, SOX17) markers by
the late blastocyst stage (E4.5; Figures S5 and S7). However, unlike
Ryan and co-workers (Ryan et al., 2019), OA treatment from E3.5
to the mid-blastocyst (E4.0) stage did not uniformly reduce such
EPI- and PrE-related marker fluorescence levels, at least in cells
showing mutually exclusive EPI or PrE marker protein expression
patterns (Figures S5 and S7). This discrepancy may reflect our use
of blastocysts cultured in vitro from the 2-cell (E1.5) stage versus
freshly recovered E3.5 blastocysts (i.e., where the stated E4.0 stage
may correspond more closely to a more advanced developmental
stage akin to the E4.5 time-point in our data). Nonetheless, both
datasets converge around our E4.5 time-point, and together sup-
port mechanotransduction or trans-cavity signalling (potentially
involving luminal deposition of FGF4, as previously reported) as
contributing to ICM lineage marker expression regulation (Ryan
etal., 2019). Importantly, unlike the study of Ryan and colleagues,
our expanded analyses, including the late E4.5 assay point and
a broader panel of assayed lineage markers (notably NANOG
with GATAG), reveal that OA treatment primarily impairs EPI cell
specification from uncommitted ICM, while PrE populations
(expressing GATA6/GATA4 without NANOG) are not similarly re-
duced (Figure 2 and Figures S3 and S4); a pattern opposite to the
p38-MAPKi-induced PrE defects we have described (Bora et al,,
2021b; Thamodaran & Bruce, 2016) and further confirmed here
(again with an extended panel of lineage markers; Figures S1 and
S2). It is important to note that EPI-specific phenotypes caused
by ATP1 inhibition and the resulting impairment of cavity expan-
sion most likely reflect a delayed or prolonged period of EPI spec-
ification rather than a complete block. This is supported by the
observation that the proportion of EPI-specified cells (expressing
NANOG alone, without any PrE marker) increases from E4.0 to
E4.5 (Figure 2 and Figure S7). Our additional analysis of SOX2 and
SOX17 expression reveals that OA treatment has specific effects
regarding different EPI and PrE lineage markers, as by E4.5 there
were no significant differences in the proportion or number of ICM
cells expressing SOX2 and/or SOX17 (Figure 3 and Figure S6) com-
pared to controls, in contrast to NANOG and GATA6 expression
data (Figures 2 and Figures S3 and S4). However, exposing em-
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bryos to OA until the E4.0 stage did lead to a significant increase
in the proportion and number of ICM cells existing in a previously
unreported state, characterised by the co-expression of SOX2 and
SOX17. While this transitory state is also seen in control blasto-
cysts, it occurs at a significantly lower frequency (Figure 3 and
Figure S6). Again, these results suggest that OA treatment enhanc-
es or prolongs this transient cell fate state within the ICM. The
increased frequency of SOX2 and SOX17 co-expression is associ-
ated with a reduction in the number of ICM cells expressing SOX2
alone, while the number of cells expressing only SOX17 remains
unchanged (Figure 3 and Figure S6). This indicates that the en-
hanced transitory cell fate state caused by OA treatment primarily
affects, or developmentally impedes, the specification of EPI rath-
er than PrE progenitors. Accordingly, in EPI progenitors, OA treat-
ment disrupts the normal resolution process by which NANOG
and SOX2 cease to be co-expressed with PrE markers (GATA6 and
SOX17, respectively), with this disruption being more persistent
for cells expressing NANOG. This may reflect differences in the
regulation or stability of GATA6 and SOX17, as by E4.5, analysis
of specific IF levels shows that in cells co-expressing EPI and PrE
markers, GATA6 fluorescence levels are similar to controls, but
SOX17 levels are significantly reduced (Figures S5 and S7). The
OA-induced increase in cells co-expressing NANOG and GATA6
likely indicates persistence of the uncommitted ICM state seen in
E3.5 blastocysts (Chazaud et al., 2006), while the increased levels
of SOX2 and SOX17 co-expression reflect enhanced induction of a
transitory, yet typically short-lived, cell fate state. Nevertheless,
both data sets indicate that blastocyst cavity expansion plays a
role in ultimately facilitating appropriate EPI specification, as OA
treatment delays this process, and the degree of observable de-
lay varies depending on the EPI marker assayed (e.g., NANOG and
SOX2),in combination with other recognised PrE markers. Indeed,
when we examined NANOG and SOX2 (co-)expression status in re-
sponse to OA treatment from E3.5 (together with GATA4 as a PrE
marker), we found that by E4.25, cells co-expressing NANOG and
SOX2 were reduced, indicative of a delay in EPI specification, but
the proportion of ICM cells expressing SOX2 alone was increased,
with near identical levels of cells expressing the PrE marker
GATAA4 (Figures S19 and S20); although these observed and con-
sistent trends in EPI marker-expressing cells did not meet the
threshold of statistical significance. Nevertheless, our collective
findings suggest that EPI fate specification, as indicated by SOX2
expression alone, occurs earlier than that indicated by NANOG
expression alone, and that such NANOG expression patterns ex-
hibit enhanced sensitivity to OA-treatment and impaired cavi-
ty volume expansion during delayed EPI specification. Overall,
our analysis of ICM cell fate in blastocysts with impaired cavity
expansion shows that both EPI and PrE marker protein IF levels
are ultimately and significantly reduced, consistent with previ-
ous findings (Ryan et al., 2019). Furthermore, OA treatment spe-
cifically disrupts the appropriate and timely specification of EPI
cell populations, whether they arise from originally uncommit-
ted ICM cells in the early (E3.5) blastocyst [co-expressing NANOG
and GATAG6 (Chazaud et al., 2006)] or from cells passing through a
transitory state (co-expressing SOX2 and SOX17), while the overall
specification and differentiation of PrE cells remains unaffected.
Importantly, while we reference NANOG and GATA6 co-expression
as indicative of an uncommitted state resembling early ICM cells
(Chazaud et al., 2006), without comprehensive gene expression

analysis, these cells may more appropriately be considered sim-
ply as unspecified, potentially reflecting various conflicted states
arising from stochastic marker expression.

The EPI-specific ICM cell fate phenotypes associated with OA
treatment are notably different from the PrE specification and dif-
ferentiation defects previously observed after p38-MAPKi (Figures
S1 and S2; Bora et al., 2019; Bora et al., 2021b; Thamodaran &
Bruce, 2016), even though both inhibitors significantly reduce
blastocyst cavity expansion (Figure 1 and Figures S1 and S2; Bora
et al., 2021b). This indicates that reduced cavity expansion after
p38-MAPKi is unlikely to be the main cause of impaired PrE dif-
ferentiation, and supports an ICM or ICM cell-autonomous mech-
anism, independent of TE-derived influence. Supporting this
hypothesis, we found that treating isolated ICMs from early blas-
tocysts with p38-MAPK:i, thus eliminating any influence from cav-
ity expansion, during the critical E3.5-E4.0 period of irreversible
p38-MAPKi sensitivity (Bora et al., 2021b; Thamodaran & Bruce,
2016), also leads to defective PrE specification and differentia-
tion, while EPI specification remains unaffected (Figure 4 and
Figure S12). Using established in vitro transgenic mouse ES-cell
models of ICM cell fate resolution (Mathew et al., 2019; Schroter
et al., 2015), we further demonstrate that p38-MAPKi treatment
effectively impairs the formation of cells with marker protein ex-
pression profiles resembling the blastocyst PrE, while not affect-
ing cells expressing markers akin to the EPI (Figure 5 and Figures
S14 and S17). Notably, in the 2D culture model, 6 hr of p38-MAPKi
exposure during the +DOX GATA6-mCherry induction period is
sufficient to cause a significant reduction in the number of cells
already initiating differentiation towards a PrE-like fate. This is
accompanied by a significant increase in cells resembling the un-
committed early (E3.5) blastocyst ICM state (Figure S14). This find-
ing accords with our previous results on intact mouse blastocysts,
which revealed a brief and irreversible window of PrE sensitivity
to p38-MAPKi before the mid-blastocyst (E4.0) pattern of mutu-
ally exclusive NANOG and GATAG6 expression emerges (Bora et al.,
2021b; Thamodaran & Bruce, 2016), strongly suggesting that
p38-MAPK activity is required early in the specification process.
Furthermore, when the 2D ES-cell cultures were subsequently
grown in regular -DOX media (after p38-MAPKi withdrawal) the
same pattern persisted (Figure 5). This model indicates that the
initial 6 hr of p38-MAPKi treatment during induction is sufficient
and irreversible in impairing PrE specification from uncommitted
progenitors, up to at least 24 hr, reinforcing the conclusion that ac-
tive p38-MAPK plays an important early role in PrE specification.
Similarly, experiments testing the effect of p38-MAPKi on isolated
ICMs demonstrated that early-stage inhibition, followed by a re-
turn to regular culture for 12 hr, was enough to block PrE specifi-
cation and differentiation (Figure 4). In the 3D ES-cell aggregation
ICM organoid model, applying p38-MAPKi during the 6-hr +DOX
induction period (before cell aggregation and the unavoidably
necessary 48 hr of regular culture) significantly impaired the for-
mation of cells solely expressing the assayed PrE markers (identi-
fied by GATAG and/or GATA4 expression without NANOG). However,
this effect was less pronounced than in 2D cultures and did not re-
sultin a statistically significant increase in uncommitted cell types
(co-expressing NANOG and GATAG6); nevertheless, the proportion
of NANOG-positive/GATA6-negative cells, reminiscent of the EPI,
remained consistently unaffected (Figure S17). We speculate that
the additional 24 hr of culture needed for ICM organoid formation,
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in the absence of p38-MAPKi, may allow for some compensatory
regulation, which could explain the weaker effect compared to the
2D model. Attempts to analyse ICM lineage marker expression af-
ter 24 hr, to detect a possible increase in potentially uncommitted
PrE progenitors, were unsuccessful due to the instability of the
ES-cell aggregates during fixation and staining. Notwithstanding,
after 48 hr post-DOX induction with p38-MAPKi, there was a sig-
nificant reduction in PrE-like cell formation and lower per cell av-
erage GATA6- and GATA4-specific IF signal (Figure S18). In intact
blastocyst cultures, p38-MAPKi treatment after E3.75 or E4.0 (until
E4.5) does not impair PrE specification, whereas similar inhibition
of Mitogen-Activated Protein Kinase Kinases 1/2, MEK1/2 [using
PD0325901, which blocks fibroblast growth facror 4/FGF4 signals
promoting PrE differentiation (Yamanaka et al., 2010)] robustly
blocks PrE formation (Thamodaran & Bruce, 2016). Collectively,
these findings indicate that active p38-MAPK plays an important
and temporally early role in blastocyst development, prior to
observed ICM lineage specification, that is distinct from the later
FGF4/MEK1/2-dependent mechanisms, ultimately leading to irre-
versible ICM cell fate decisions by the late blastocyst (E4.5) stage
(Frankenberg et al., 2011; Kang et al., 2013; Nichols et al., 2009;
Thamodaran & Bruce, 2016; Yamanaka et al., 2010).

We previously found that p38-MAPKi-mediated PrE phenotypes
are associated with impaired general protein synthesis, reduced ri-
bosomal protein expression, decreased polysome formation, and
disrupted rRNA precursor processing. Moreover, p38-MAPKi-in-
duced PrE defects could be partially rescued by pharmacologically
activating the mammalian target of rapamycin/mTOR pathway [a
key regulator of metabolism and protein synthesis (Fonseca et al.,
2014)], without influencing impaired blastocyst cavity expansion
(Bora et al., 2021b). This partial rescue suggested that p38-MAPK
enables PrE specification and differentiation through mechanisms
intrinsic to ICM cells, independent of cavity expansion, as support-
ed by data herein. We propose that early blastocyst p38-MAPK sig-
nalling may ensure germane PrE-specification from uncommitted
progenitors via ICM autonomous regulation of protein translation/
synthesis, thereby priming such cells for differentiation. We re-
cently reported that inhibition of mammalian target of rapamycin
complex 1/mTORC1 during the 8- to 16-cell transition impairs the
spatial allocation of daughter blastomeres to the emerging pop-
ulation of primary ICM founder cells, via a mechanism potentiat-
ing the 7-methyl-guanosine cap binding complex (EIF4F), which is
essential for efficient translation of mRNA subclasses containing
5’ untranslated region/UTR terminal oligopyrimidine motifs; a
phenotype replicated by similar p38-MAPKi treatment (Gahurova
etal., 2023). p38-MAPKi effects on blastocyst PrE specification may
also be related to similar impairments in selective mRNA transla-
tion, which could be investigated using embryo-optimised Scarce
Sample Polysome- (SSP-) ribosomal profiling (Bora et al., 2021b;
Del Llano et al., 2020; lyyappan et al., 2023; Masek et al., 2020) or
Ribo-ITP-RNAseq (Ozadam et al., 2023) to identify differentialmRNA
ribosome-association under +p38-MAPKi conditions. However,
p38-MAPKi-induced PrE differentiation defects are also character-
ized by increased numbers of uncommitted ICM cells co-expressing
both GATA6 and NANOG (Figure S1;Bora et al., 2021b; Thamodaran
& Bruce, 2016), suggesting that p38-MAPK activity is also required
to clear putative PrE progenitors of pluripotency-associated
NANOG expression, potentially through mechanisms related to
protein stability. Indeed, mTORC1 inhibition from E3.5 also in-

creases the number of cells co-expressing NANOG and GATA6, al-
though this is associated with general developmental diapause
(Bora et al., 2021b; Bulut-Karslioglu et al., 2016). This point is fur-
ther supported by the observation of significant NANOG and GATA4
co-expression in p38-MAPKi-treated blastocysts exposed to con-
current mTOR activation (Bora et al., 2021b), whereby PrE speci-
fication is partially rescued but NANOG expression endures. Thus,
the ICM-autonomous role of p38-MAPK in promoting PrE specifica-
tion and differentiation is likely to be multi-factorial.

In summary, our findings show that OA-induced blastocyst cav-
ity expansion leads to reduced marker protein expression in both
ICM lineages but specifically impairs the specification of ICM pro-
genitors towards the EPI lineage. This is the opposite of the effect
observed after p38-MAPKi during the same developmental peri-
od, despite similar cavity expansion defects. Further, p38-MAPKi
treatment of isolated ICMs and mouse ES-cell models consistently
impairs PrE cell differentiation, while EPI lineages remain largely
unaffected. Together, these results highlight an ICM-autonomous
role for active p38-MAPK in priming PrE specification and differ-
entiation during early blastocyst maturation, possibly via specific
regulation of mRNA translation, and distinct from mechanosenso-
ry mechanisms linked to cavity expansion.

Conclusions

We have reported that p38-MAPKi during mouse blastocyst mat-
uration (E3.5-E4.5) robustly impairs PrE specification/differentia-
tion and is associated with significantly reduced blastocyst cavity
expansion (Bora et al., 2019; 2021b; Thamodaran & Bruce, 2016);
recapitulated here in Figures S1 and S2. This cavity-expansion de-
fect resembles data showing that experimentally induced cavity
volume defects lead to decreased expression of ICM fate marker
proteins (EPI SOX2; PrE GATA4; Ryan et al., 2019). We sought to
determine if p38-MAPKi-mediated PrE phenotypes could be re-
produced by OA-induced cavity-volume impairments or whether
they arise from autonomous ICM mechanisms. In agreement with
the previous report (Ryan et al., 2019), OA-related cavity defects
(Figure 1) correlate with reduced IF levels of specific EPI and PrE
markers (Figures S5 and S7); moreover, expanding these findings
shows an associated impairment in specification of overall EPI
rather than PrE cell populations, in a manner consistent with a
developmental delayed rather than a block (Figures 2 and3 and
Figures S3, S4, and S6). These contrasting results indicate that
while cavity expansion is impaired after p38-MAPKi, it is not the
primary reason for the observed PrE deficit; instead, p38-MAPKi
sensitivity involves ICM-autonomous mechanisms, as supported
by observations in cultured IS-isolated ICMs (Figure 4 and Figure
S12) and in both 2D and 3D mouse ES-cell/organoid ICM-related
models (Figure 5 and Figures S13-S18). Thus, active p38-MAPK
functions during early mouse blastocyst maturation to facilitate
PrE specification/differentiation from uncommitted ICM progeni-
tors as an intrinsic property of ICM cells, presumably responding
to spatial-temporal cues that remain to be defined, culminating
in the appropriate formation of the late-stage (E4.5) blastocyst.
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