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SUMMARY

3D embryonic stem cell (ESC) aggregates self-organize into embryo-like structures named gastruloids that recapitulate the axial organi-
zation of post-implantation embryos. Crucial in this process is the symmetry-breaking event that leads to the emergence of asymmetry
and spatially ordered structures from homogeneous cell aggregates. Here, we show that budesonide, a glucocorticoid drug widely used to
treat asthma, prevents ESC aggregates to break symmetry. Mechanistically, the effect of budesonide is glucocorticoid receptor indepen-
dent. RNA sequencing and lineage fate analysis reveal that budesonide counteracts exit from pluripotency and modifies the expression of
a large set of genes associated with cell migration, A-P axis formation, and WNT signaling. This correlates with reduced phenotypic and
molecular cell heterogeneity, persistence of EEFCADHERIN at the cell-cell interface, and cell aggregate compaction. Our findings reveal that
cell-cell adhesion properties control symmetry breaking and cell fate transition in 3D gastruloids and suggest a potential adverse effect of

budesonide on embryo development.

INTRODUCTION

Pluripotent embryonic stem cells (ESCs) have a propensity
to self-organize into tightly packed cell aggregates sus-
tained by anchoring cell-cell junctions (Pieters and van
Roy, 2014). Naive pluripotent ESCs form domed-shaped
cell colonies and spherical cell aggregates under 2D and
3D conditions, respectively, whereas exit from naive plu-
ripotency is associated with weakening of the cell-cell
adhesive interactions and acquisition of cell motility.
Whether exit from naive pluripotency and reprogramming
of the cell-cell interactions are mutually dependent is still
debated.

Exit from naive pluripotency and acquisition of cell
motility is a key feature of embryonic stem cell-to-mesen-
chymal-like transition (esMT), which is induced by pro-
line supplementation in 2D culture conditions (Comes
et al., 2013; Patriarca et al., 2021). Under a high-proline/
low-ascorbic acid (vitamin C) regimen, serum/LIF ESCs
exit naive pluripotency and grow as irregular flat-shaped
colonies surrounded by a crown of free migrating cells
(Comes et al., 2013; D’Aniello et al., 2017). These early
primitive ectoderm-like (Washington et al., 2010) or pro-
line-induced cells (PiCs) (Casalino et al., 2011) show tran-
scriptome, epigenetic, and metabolic profile resembling
that of early-primed pluripotent state (Comes et al.,
2013; D’Aniello et al., 2015; D’Aniello et al., 2017), sug-
gesting that they are part of the formative pluripotency

2548 Stem Cell Reports | Vol. 17 | 2548-2564 | November 8, 2022 | © 2022 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

(Morgani et al., 2017; Pera and Rossant, 2021; Smith,
2017).

In 3D culture, floating aggregates of ESCs self-organize
into embryo-like structures named gastruloids, which
display key features of mammalian development after
implantation (Turner et al., 2017; van den Brink et al.,
2020; van den Brink et al., 2014). This self-organization
process is associated with induction of collective cell
migration (Hashmi et al.,, 2021). Formation of appro-
priate cell aggregates is a critical event for the generation
of properly elongated gastruloids (Cermola et al., 2021;
Turner et al., 2017), yet the mechanisms that trigger sym-
metry breaking and induce cell fate specification in sphe-
roidal aggregates of ESCs are still far from being fully
elucidated.

Here, we adopt a chemical genetic approach to perturb
ESC self-organization processes and investigate the cellular
mechanisms underlying symmetry breaking. Different
from the genetic approaches, small molecules are easy to
apply to cells and may often work reversibly (Kawasumi
and Nghiem, 2007), which is relevant to investigate dy-
namic cellular processes and morphogenesis. Our findings
provide unprecedented evidence that the glucocorticoid
budesonide, the most commonly used drug to treat
asthma, interferes with the self-organizing ability of cell
populations promoting cell-cell adhesion and preventing
exit from pluripotency through a glucocorticoid receptor
(GR)-independent mechanism.
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Figure 1. Effect of esMT inhibitors on colony morphology and gastruloid formation
(A) Schematic representation of the experimental design. 2i/LIF ESCs (E14) were plated on gelatin-coated plates in FBS/LIF + proline
(500 uM) =+ drug (10 uM). Cell colonies were stained with crystal violet and imaged.
(B) Boxplot diagram of the fraction (%) of irregular/flat colonies (left) and representative bright-field images (right) of the cell colonies
(n = 4; 20 fields/condition). Scale bar, 200 pm.
(C) Schematic representation of the experimental design. 2i/LIF ESCs were plated on 96-well ultra-low conical plates in N2B27 + drug
(10 uM).

(legend continued on next page)
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RESULTS

The glucocorticoid budesonide prevents gastruloid
elongation

To probe the plasticity of the symmetry breaking process,
we sought to assess the effect on gastruloid formation of
three FDA-approved drugs, budesonide (steroid), propafe-
none (phenylpropanoid), and spiramycin (macrolide),
recently identified as inhibitors of esMT in the feeder-
dependent TBV2 ESCs (D’Aniello et al., 2019).

We first verified that the selected drugs were similarly
effective on the feeder-independent E14 ESC line. ESCs
were thus plated at low density in FBS/LIF supplemented
with proline to induce esMT, either alone or in the presence
of budesonide, propafenone, and spiramycin, or the
GSK-3 inhibitor CHIR99021 (CHIR) as a positive control
(D’Aniello et al., 2019), and the distribution of flat versus
domed colonies was analyzed as a readout of esMT
(Figures 1A and 1B). Addition of either budesonide,
propafenone, spiramycin, or CHIR reduced the fraction of
irregular/flat-shaped cell colonies in proline-treated cell
population (FBS/LIF + proline ~90%) to control levels
(FBS/LIF ~15%) (Figure 1B). As expected, the ESC colonies
showed a highly compacted morphology (Figure 1B), thus
ruling out the possibility of an ESC line-specific effect of the
esMT inhibitors (esMTi).

We thus evaluated the effect of esMTi on gastruloid for-
mation (Cermola et al., 2021, 2022) (Figure 1C). Budeso-
nide, propafenone, and spiramycin (10 pM) were added
at T = 0 and refreshed every day from day 2 onward. At
120 h after seeding, gastruloids were imaged, the width
and length (LN) were measured, and the elongation index
(EI = length/width) was calculated. While control aggre-
gates developed into highly polarized gastruloids (EI =
2.3 = 0.2), budesonide-treated aggregates maintained a
round-shaped spherical morphology (EI = 1.03 + 0.04)
and failed to elongate (Figures 1D and S1A). Conversely,
spiramycin- and propafenone-treated aggregates devel-
oped into elongated gastruloids (EI = 2.8 + 0.3 and 2.4 +
0.3, respectively). However, although both spiramycin-
and propafenone-treated gastruloids showed a correct EI
(Figures 1D and S1A), propafenone-treated gastruloids
appeared shorter (LN = 345 + 58 um) compared with both
spiramycin-treated and untreated gastruloids (LN = 606 +
51 m and 501 + 74 um, respectively) (Figures 1D and S1A).

The diameter of ESC aggregates is a critical parameter for
successful gastruloid development (Turner et al., 2017).
Therefore, we increased the number of aggregated cells
(300-600) and evaluated the effect of budesonide on gas-
truloid development. The diameter of budesonide-treated
cell aggregates (48 h) progressively increased with the
number of seeded cells (Figure 1E), reaching a diameter
comparable with that of control at 600 cells (control 300
cells 182.25 + 7.15 pm versus budesonide 600 cells 181 +
5.5 pum). However, budesonide-treated aggregates did
not elongate and maintained a round-shaped morphology
at 120 h (Figure 1E), even when reaching the size of
control aggregates at 48 h. Furthermore, unlike control gas-
truloids, budesonide-treated aggregates did not express
BRACHYURY, independently from the numbers of seeded
cells (Figures 1E and S1B).

These data highlight a distinctive/peculiar ability of bu-
desonide to prevent changes in the shape of both 2D cell
colonies (esMT) and 3D aggregates (gastruloid elongation)
(Figure 1F).

Budesonide inhibits esMT and gastruloid development
in the same range of concentrations without affecting
cell proliferation

Gastruloid development and proline-induced esMT both
depend on the acquisition of cell locomotion capability.
To investigate whether budesonide may target different
molecules/pathways in 2D versus 3D culture conditions,
we compared the dose-dependent effect of budesonide on
both processes (Figure 2). As a readout of esMT we analyzed
the distribution of irregular flat- versus domed-shaped col-
onies in ESCs treated with proline + budesonide. As ex-
pected, the fraction of flat-shaped irregular colonies
increased upon proline supplementation compared with
control (87% + 7% versus 11% + 4%), while it progressively
decreased as the concentration of budesonide increased
from 1.25 to 10 uM, and reached a value comparable
with that of control (Figure 2A).

We then analyzed the dose-dependent effect of budeso-
nide on gastruloid development, and calculated the elon-
gation index as a readout of the process. Control DMSO-
treated cell aggregates developed into highly polarized
gastruloids at 120 h (EI = 2.8 + 0.3) (Figures 2B and S1C).
In a range of concentration from 1.25 to 2.5 uM, budeso-
nide did not affect gastruloids elongation. However, at

(D) Boxplot diagrams of gastruloid elongation index (left) and length distribution (middle), and representative bright-field images (right)
of gastruloids treated with DMSO (control) or the indicated drugs (n = 3; 24 gastruloids/condition). Scale bar, 100 pum.

(E) Boxplot diagram of the diameter values of ESC + budesonide-derived aggregates (left; 48 h, n = 3; 20 aggregates/condition); time-
course representative bright-field images of ESCs + budesonide-derived gastruloids and elongation index values at 120 h (middle; n=3; 30
aggregates/condition). Scale bar, 100 um. Representative confocal images of BRACHYURY at 120 h (right). Nuclei were counterstained

with DAPI (blue). Scale bar, 100 pm. NT, not treated.

(F) Schematic representation of the effect of budesonide on 2D esMT and 3D gastruloid elongation. See also Figure S1.
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Figure 2. Dose-dependent effect of budesonide on colony morphology and gastruloid elongation

(A) Boxplot diagram of the fraction (%) of irregular/flat colonies (left) in FBS/LIF + proline (500 uM) + budesonide (1.25-10 uM), and
representative bright-field images (right) of the colonies (n = 3; 21 fields/condition). Scale bar, 200 pum.

(B) Boxplot diagram of the elongation index (left), and representative bright-field images (right) of control (DMSO) or budesonide (1.25-
40 pM)-treated gastruloids (n = 3; 24 gastruloids/condition). Scale bar, 50 um.

(C) Dose-dependent effect of CHIR99021 on budesonide-treated gastruloids. 2i/LIF ESCs were seeded in N2B27 + budesonide (10 uM),
CHIR99021 (3-10 nM) was added at 48-72 h (left). Boxplot diagram of gastruloid length distribution (middle) and elongation index
(right) at 120 h. NT, not treated.

(D) Representative bright-field images of gastruloids + budesonide (10 uM) + CHIR99021 (3-10 uM) (left), and confocal images of
BRACHYURY (red) in gastruloids (120 h) + budesonide (10 uM) + CHIR99021 (3 and 10 uM) (right). Nuclei were counterstained with DAPI
(blue). Scale bar, 100 pum. See also Figures S1 and S2.
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Figure 3. Effect of the typical glucocorticoids on colony morphology and gastruloid elongation

(A) Schematic representation of the colony formation assay (left) and representative images (right) at low (top) and high (bottom)
magnification of FBS/LIF ESCs + proline (500 uM) + glucocorticoids (10 uM). The fraction of domed-shaped cell colonies is indicated
(n = 3; >300 colonies/condition). Scale bar, 200 um.

(B) Schematic representation of the experimental design. Naive ESCs were plated in N2B27 in ultra-low 96-well plates + the indicated
drugs (10 puM) for 0-48 h (brown orange) or 0-120 h (green).

(legend continued on next page)
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5 uM a significant reduction of the gastruloid elongation
was observed (EI = 2.1 + 0.3), while at higher concentra-
tions, ranging from 10 to 40 pM, budesonide-treated gas-
truloids showed a round-shaped spherical morphology
(EI=1.0 £ 0.1) and failed to elongate (Figures 2B and S1C).

To rule out the possibility that budesonide might coun-
teract the inductive effect of CHIR at the concentration
used (3 uM), we asked whether higher concentrations of
CHIR could overcome budesonide-dependent inhibition
of gastruloid formation. To this end, we assessed the
dose-dependent effect of CHIR (3-10 uM) on budesonide-
treated gastruloids (Figure 2C). At all tested concentrations
of CHIR, budesonide-treated aggregates failed to elongate
and did not express BRACHYURY at 120 h (Figures 2C
and 2D), indicating that higher doses of CHIR were not
able to counteract the inhibitory effect of budesonide on
gastruloid elongation. Of note, highest concentrations of
CHIR (8-10 puM) resulted in smaller and apparently un-
healthy aggregates (Figures 2D and S1D).

To investigate whether the budesonide-dependent inhibi-
tion of esMT and gastruloid formation might be due to an
antiproliferative effect of the drug on ESCs, we first analyzed
the dose-dependent effect of budesonide on the incorpora-
tion of 5-ethynyl-2’-deoxyuridine (EdU). EdU incorporation
was not affected in FBS/LIF ESCs treated with budesonide up
to 10 uM, whereas it decreased to about 70% at 20 uM (Fig-
ure S2A) and was almost abolished at 40 uM (Figure S2A). In
line with these findings, FACS analysis of Annexin V/propi-
dium iodide staining showed that 5 and 10 uM of budeso-
nide did not induce apoptosis, while a significant increase
of apoptotic cells was observed at 40 uM of budesonide (Fig-
ure S2A). Thus, budesonide concentrations (10 uM) that
inhibit both esMT and gastruloid formation neither affect
proliferation nor induce apoptosis in ESCs.

Furthermore, we performed immunofluorescence anal-
ysis of the proliferation marker Ki67 on 3D gastruloids,
and showed that it was expressed both in control and bude-
sonide-treated gastruloids at 120 h (Figure S2B), suggesting
that budesonide concentrations that block esMT and
gastruloid formation did not affect ESC proliferation.

Together these data reveal that budesonide inhibits esMT
and gastruloid elongation at a similar micromolar concen-
tration range, and rule out the possibility that inhibition of
gastruloid development may be due to a counteracting

effect of budesonide on CHIR activity. In line with this
idea, while budesonide inhibits both esMT and gastruloid
development, CHIR exerts opposite effects on the two pro-
cesses, i.e., inhibitory (Figure 1A) (D’Aniello et al., 2019)
and inducing, respectively.

The classical glucocorticoids do not affect esMT and
gastruloid development

Budesonide belongs to a family of anti-inflammatory ste-
roids, and binds to different steroid hormones receptors,
including glucocorticoid, mineralocorticoid, and proges-
terone receptors within a nanomolar (nM) range (Bind-
ingDB: BDBM50354850). These doses are much lower
than the micromolar (uM) concentrations at which bude-
sonide inhibits esMT and gastruloid development. To
investigate this further, we compared the effect of the clas-
sical glucocorticoids dexamethasone, fluticasone, and hy-
drocortisone with that of budesonide in both 2D (esMT)
and 3D (gastruloids) assays.

We first evaluated the effect of glucocorticoids on esMT
by analyzing the distribution of domed- versus irregular
flat-shaped colonies in ESCs treated with proline + gluco-
corticoids (Figure 3A). As expected, while proline reduced
the fraction of domed-shaped colonies to ~15% compared
with control (untreated; ~90%), budesonide (10 pM)
increased this fraction up to control level. Conversely,
neither dexamethasone, fluticasone, nor hydrocortisone
used at the same concentrations (10 uM) were able to rescue
the fraction of the domed-shaped colonies (Figure 3A), sup-
porting the idea of a specific inhibitory effect of budesonide
on esMT. We then evaluated the dose-dependent effect of
the different drugs using a range of concentrations from
10 to 80 uM. Dexamethasone and hydrocortisone showed
similar results at all the concentrations tested, while bude-
sonide was toxic at 80 uM (Figures S3B and S3C). Flutica-
sone showed a partial inhibitory effect at 20 uM (~50%
domed colonies), and was toxic at the highest concentra-
tions (40 and 80 uM) (Figures S3B and S3C).

We then went on to investigate the effect of both short-
and long-term treatment of glucocorticoids on 3D gastru-
loid development. Glucocorticoids were individually
added either transiently (0-48 h) or throughout (0-120 h)
the GFA, and the aggregates were imaged and measured
at 48 and 120 h after seeding (Figure 3B). At 48 h, both

(C) Boxplot diagrams of the elongation index (left) and representative bright-field images (right) of gastruloids (120 h) at the indicated

treatment (n = 3; 24 gastruloids/condition). Scale bar, 100 pum.

(D) Time-course analysis of diameter distribution (left) and representative bright-field images (right) of budesonide-treated aggregates.

Scale bar, 100 pm.

(E) Representative bright-field images of gastruloids + budesonide (0-48 h, 10 uM) at 120, 144, and 168 h after seeding. Scale bar, 200 um
(top). The fraction (%) of elongated gastruloids is indicated in red. Representative confocal images of BRACHYURY in gastruloids +
budesonide (bottom). Nuclei were counterstained with DAPI. Scale bar, 100 pum.

(F) Schematic representation of the effect of glucocorticoids on gastruloid development. See also Figures S3 and S4.
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the shape and the size of the cellular aggregates treated
with either dexamethasone, fluticasone, or hydrocortisone
were comparable with that of control, showing diameters
(DM) of 160 £ 8, 156 + 6, and 159 + 7 um, respectively (Fig-
ure S4A). Budesonide-treated aggregates displayed a similar
spheroidal morphology but were smaller in size compared
with controls (budesonide 121 + 6 um versus control 157 +
6 um) (Figure S4A). Unlike budesonide, dexamethasone-,
fluticasone-, and hydrocortisone-treated gastruloids all
displayed a polarized morphology at 120 h (EI > 2.0), inde-
pendently of the duration of the treatment (Figure 3C), and
elongated with a similar timing compared with controls
(Figures S4B and S4C). To assess whether higher doses of
the glucocorticoids might affect gastruloid development,
we analyzed the effect of the different drugs at 20 and
40 pM (Figure S4D). Dexamethasone, fluticasone, and
hydrocortisone did not affect gastruloid development
even at the highest concentrations, as confirmed by the
polarized expression of CDX2 (Figures S4D and S4E).

We thus assessed if dexamethasone was able to counteract
the effect of budesonide by treating gastruloids with both
dexamethasone and budesonide at the same concentration
(10 uM). The diameter of the aggregates (48 h) treated with
the combination of budesonide and dexamethasone was
comparable with that of budesonide alone (Figure S4A), sug-
gesting that dexamethasone was unable to counteract the
inhibitory effect of budesonide. To further address this issue,
we performed a dose-response analysis using dexametha-
sone at concentrations ranging from 10 to 40 pM in combi-
nation with budesonide (10 uM). The aggregates treated
with a combination of budesonide + dexamethasone main-
tained a spherical morphology at 120 h (EI ~ 1) and failed to
express the A-P marker BRACHYURY (Figure S4F), thus
indicating that dexamethasone was unable to counteract
the inhibitory effect of budesonide even at the highest
concentrations.

Of note, while long-term (0-120 h) budesonide treat-
ment resulted in tiny, round-shaped cell aggregates that
did not elongate, transient (0-48 h) exposure to budeso-
nide resulted in aggregates that started to expand (DM =
212 + 14 versus 280 + 23 pm) (Figure 3D), thus excluding
any toxic effects of budesonide treatment. To assess
whether transient (0-48 h) exposure to budesonide might
delay gastruloid development, gastruloid cultures were
extended to 168 h. Interestingly, a percentage of gastru-

loids (6/30) elongated and induced polarized expression
of BRACHYURY at 168 h (Figure 3E), suggesting that bude-
sonide withdrawal allows, at least in part, the recovery of
the gastruloid development process.

All together these data indicate that the inhibitory effect
of budesonide is independent of its glucocorticoid activity,
and is reversible (Figure 3F).

Budesonide-dependent inhibition of esMT and
gastruloid development does not rely on the GR
Budesonide is classified as an agonist of the GR/nuclear re-
ceptor subfamily 3 group C member 1 (GR/NR3C1) (Drug-
Bank/DB01222; CHEMBLI1370). To investigate whether
the inhibitory effects of budesonide rely on GR, we assessed
the effect of Nr3cl silencing. To this end, ESCs were in-
fected with lentiviral particles carrying short hairpin RNA
(shRNA) molecules targeting either different regions of
Nr3cl gene transcript (Nr3c1-shRNA#1, shRNA#2, and
shRNA#3) or non-targeting control shRNAs (shNT) (Fig-
ure 4). Efficient Nr3cI downregulation (up to 90%) was
confirmed at both RNA and protein levels (Figure 4A).

Nr3c1 knockdown (KD) cells were fully able to undergo
esMT in response to a high-proline regimen (Figure 4B).
Moreover, budesonide reduced the fraction of irregular/
flat-shaped colonies and increased the fraction of domed-
shaped colonies to a similar extent in proline-treated
Nr3c1 KD and NT ESCs (Figure 4B). These data suggested
that the GR/glucocorticoid pathway is dispensable both
for esMT induction and budesonide-dependent inhibition
of esMT.

To further explore the role of the GR pathway in budeso-
nide-dependent inhibition of gastruloid development, we
evaluated the ability of Nr3c1 KD cells to generate gastru-
loids. At 48 h after seeding, budesonide-treated NT and
Nr3c1 KD aggregates exhibited a compacted spherical
shape and were smaller in size compared with untreated ag-
gregates (~130 versus ~170 um) (Figure 4C), suggesting
that budesonide induced cell aggregate compaction in an
Nr3cl-independent manner. Furthermore, budesonide-
treated NT and Nr3c1 KD aggregates both maintained a
round-shaped morphology at 120 h (Figure 4C), suggesting
that the inhibitory effect of budesonide does not depend
on GR. To corroborate this hypothesis, we tested the effect
of relacorilant (PubChem CID:73051463), a nonsteroidal
selective GR antagonist (Hunt et al., 2017) on gastruloid

(B) Boxplot diagram showing the fraction (%) of irregular/flat colonies (left), and representative bright-field images (right) of control
(shNT) and Nr3c1KD colonies from FBS/LIF ESCs + proline (500 uM) + budesonide (10 uM; n = 3; 20 fields/condition). Scale bar, 200 pum.
(C) Boxplot diagram of the diameter (left) and representative bright-field images (right) of control (shNT) and Nr3c21KD ESCs + bude-
sonide-derived aggregates at 48 and 120 h (n = 3; 21 aggregates/condition). Scale bar, 100 um.

(D) Representative bright-field images of cell aggregates (48 h) and gastruloids (120 h) treated with budesonide or relacolirant at the

indicated concentrations. Scale bar, 50 pum.

(E) Schematic representation of the effect of budesonide on esMT and gastruloid development of Nr3c2KD cells.
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formation. In line with our hypothesis, unlike budesonide,
transient treatment (0-48 h) of wild-type aggregates with
relacorilant (10 pM) did not affect gastruloid elongation
(Figure 4D). However, when relacorilant was supplemented
at 40 uM the aggregates appeared tiny and largely sur-
rounded by cell debris (Figure 4D), indicating a toxic effect
of the drug at this concentration.

Taken together, these data support the idea that budeso-
nide prevents gastruloid elongation through a glucocorti-
coid pathway-independent mechanism (Figure 4E).

Budesonide counteracts exit from pluripotency in 3D
ESC aggregates

To get insights into the molecular events mediating bude-
sonide effects on gastruloid development, we first analyzed
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the transition from pluripotency toward differentiation. To
this end, we used the dual reporter embryonic stem cells
(DRES) to follow the naive to primed pluripotency transi-
tion based on the expression of reporters for miR-290
(E3.5-E6.75; mCherry) and miR-302 (E4.75-E8.0; eGFP)
loci (Figure 5A) (Parchem et al., 2014). As described
previously (D’Aniello et al., 2017), FBS/LIF-cultured DRES
generated round-shaped colonies mostly positive to miR-
290-mCherry; upon proline supplementation, the cells
grew as flat irregular colonies and the miR-302-eGFP
expression was induced (Figure 5B). Addition of budeso-
nide inhibited both the phenotypic (domed-to-flat) transi-
tion and the molecular (miR-290 to miR-302) switch
(Figure 5B), suggesting that budesonide prevents proline-
induced exit from pluripotency in 2D culture.



We thus assessed the effect of either short- or long-term
budesonide treatment on DRES-derived 3D gastruloids.
Time-course analysis of mCherry/eGFP expression showed
that, 48 h after seeding, control/untreated aggregates were
mostly positive to miR-290-mCherry expression, while
from 72 h onward the expression of miR-302-eGFP progres-
sively increased as the elongation proceeded, concomitant
to the downregulation of miR-290-mCherry (Figure 5C).
Following short treatment (0-48 h) with budesonide,
DRES aggregates maintained a strong miR-290-mCherry
expression up to 96 h after seeding, while induction of
miR-302-eGFP expression was delayed, being clearly
detectable only at 120 h compared with control aggregates.
This expression profile correlated with the morphological
changes observed in the 0-48 h budesonide-treated aggre-
gates, which showed a round-shaped morphology up to
96 h, and started to become ovoidal/to elongate at 120 h
(Figure 5C). These results support the notion that the
inhibitory effect of budesonide is reversible (Figure 3E).
Conversely, upon long-term (0-120 h) treatment with bu-
desonide, DRES aggregates almost exclusively expressed
miR-290-mCherry, while miR-302-eGFP expression was
undetectable, and the aggregates maintained a compacted
round-shaped morphology (Figures 5C and 5D).

To investigate this further, we analyzed E-CADHERIN
localization and compared the genome-wide expression
profile of control and budesonide-treated 3D aggregates
soon after CHIR supplementation (80 h) (Figure 6A).
Despite the fact that E-CADHERIN was similarly localized
in the intercellular space in both control and budesonide-
treated aggregates, the principal component analysis
(PCA) revealed significant differences between the two
transcriptional profiles with ~1,700 differentially regulated
genes (fold change >1.5; padj < 0.05) (Figure 6A; Table S1).
Gene ontology analysis unveiled a significant enrichment
in terms related to multicellular organism development,
antero-posterior pattern specification, and locomotion
(Figure 6B). Furthermore, while naive pluripotency genes
(Esrrb, NrOb1, Pecaml, Prdm14, Tfcp2l1, and Rex1/Zfp42)
were expressed at higher levels in budesonide-treated gas-
truloids, primed pluripotency (Cerl, Dnmt3b, and Lin28)
and differentiation markers (Brachyury, Ephal, Fgf8, Lefty1,
Nes, Nkx1,2, and Wnt8a) showed the opposite trend
(Table S1; Figures 6C and 6D). Interestingly, budesonide
altered the expression of genes involved in WNT signaling,
which plays a key role in symmetry breaking (Turner et al.,
2016), suggesting that budesonide interfere with the differ-
entiation process.

To explore this hypothesis, we first analyzed the expres-
sion profile of pluripotency and differentiation markers
on control and budesonide-treated gastruloids at 120 h
(Figure 6E). As expected, only a few cells of properly elon-
gated control aggregates showed detectable levels of

OCT4 and NANOG pluripotency markers. Conversely, bu-
desonide-treated (0-48 and 0-120 h) spherical aggregates
were mostly enriched in OCT4", NANOG*, and SOX2*
cells, with NANOG™ cells located preferentially at the cen-
ter of the cell aggregates (Figure 6E). Furthermore, control
gastruloids exhibited a polarized expression of both
BRACHYURY and CDX2, which, conversely, was almost
undetectable in budesonide-treated (0-120 h) aggregates
(Figure 6E). In line with the idea of a reversible inhibitory
effect of budesonide, BRACHYURY and CDX2 were
induced in short-term (0-48 h) budesonide-treated aggre-
gates (Figure 6E). Furthermore, unlike control gastruloids,
budesonide-treated cell aggregates at 120 h maintained
high levels of E-CADHERIN expression at the cell-cell inter-
face (Figure 6F).

Finally, we determined whether persistent expression of
pluripotency genes and downregulation of differentiation
markers translate to increased self-renewal of budesonide-
treated aggregates. To address this issue, both control and
budesonide-treated gastruloids at 120 h were dissociated
and the cells plated at low density (150 cells/cm?) in FBS/
2i/LIF medium; the resulting colonies were quantified
and stained with alkaline phosphatase (ALP) (Figure S5A).
Cells derived from control elongated gastruloids gave rise
to a few domed-shaped, ALP-positive colonies; this fraction
strongly increased (~10-fold) in the cell population derived
from budesonide-treated aggregates (Figure S5B).

All together these data provide molecular and functional
evidence that budesonide locks 3D cell aggregates in a
naive state preventing symmetry breaking and AP specifi-
cation, and suggest that this may occur through promotion
of cell-cell adhesion/compaction and inhibition of cellular
locomotion processes (Figure 6G).

Budesonide forces epithelial-like cell-cell junctions in
2D conditions

To further test the hypothesis that budesonide prevents dif-
ferentiation maintaining cell-cell adhesion, we analyzed
the impact of budesonide on 2D ESCs under different
culture conditions. First, we analyzed the effect of budeso-
nide on ESCs cultured in FBS/LIF (Figure S6A). As expected,
FBS/LIF ESC populations showed a heterogeneous pheno-
type, with a fraction (10% + 5%) of colonies exhibiting
an irregular/flat morphology (Figure S6B). This phenotypic
heterogeneity was less pronounced in the presence of
budesonide, resembling that of ESCs cultured in 2i/LIF
(Figures S6B and S6C). Of note, this correlated with
different subcellular localization of E-CADHERIN protein.
Indeed, while in the round-shaped colonies E-CADHERIN
was enriched at the cell-cell contacts, it was delocalized to
the perinuclear regions of cells located at the periphery of
the flat-shaped colonies (Figure 7A). Furthermore, budeso-
nide significantly reduced the fraction of NANOG negative
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Figure 6. Budesonide prevents differentiation and maintains the pluripotency transcription program in 3D cell aggregates

(A) Schematic representation of the experimental design (left) and representative confocal images (middle) of E-CADHERIN in gastruloids
+ budesonide. Nuclei were counterstained with DAPI (blue). Scale bar, 50 um. Principal-component analysis (PCA) of control (untreated)
and budesonide-treated (80 h) gastruloid expression profiles (right).

(B) Gene ontology analysis of derequlated genes in budesonide-treated gastruloids.

(C) Volcano plot showing downregulated (blue) and upregulated (red) genes in budesonide-treated versus untreated gastruloids.

(D) Fold change heatmap of pluripotency (naive and primed) and differentiation genes in budesonide-treated versus untreated gastruloids.
(E) Representative confocal images of 0CT4, NANOG, BRACHYURY (red), SOX2, and CDX2 (green) expression in gastruloids + budesonide for
0-48 h (orange brown arrow) and 0-120 h (green arrow). Nuclei were counterstained with DAPI. Scale bar, 50 pm.

(F) Representative confocal images of E-CADHERIN in gastruloids + budesonide for 0-48 h (orange brown arrow) and 0-120 h (green
arrow) at 120 h. Nuclei were counterstained with DAPI. Scale bar, 50 pum.

(G) Schematic representation of the effect of budesonide on cell aggregates. See also Figure S5.
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Figure 7. Budesonide maintains naive pluripotency in 2D cell aggregates

(A) Schematic representation of the assay (left) and representative confocal images of NANOG (red) and E-CADHERIN (green) expression
on colonies (right) and cytospin preparation (middle) from FBS/LIF ESCs + budesonide (10 uM). Scale bars, 100 and 50 pum. Red arrows
indicate E-CADHERIN delocalization in cells at the border of flat colonies. Nuclei were counterstained with DAPI (blue).

(B) PCA of the expression profiles of FBS/LIF ESCs + proline (500 uM) + budesonide (10 uM) at 72 h.

(C) Gene ontology analysis of deregulated genes in budesonide-treated versus untreated cells.

(D) Heatmaps showing the expression levels of E-CADHERIN-related genes in FBS/LIF ESCs + proline (500 uM) + budesonide (10 uM).
(E) Schematic representation of gastruloid formation assay (left) and representative bright-field images (right) of gastruloids from
FBS/LIF ESCs treated with either proline alone (500 uM; P) or proline + budesonide (10 uM; P+B) or FBS/2i/LIF ESCs (NT). Scale bar,
100 pm.

(F) Schematic representation the effect of budesonide on E-CADHERIN localization and colonies morphology. See also Figure S6.
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cells in FBS/LIF ESC cultures, similar to that observed upon
addition of CHIR99021and PD0325901 either alone or in
combination (2i) (Figures 7A, S6B, and S6C), suggesting
that budesonide reduces the phenotypic and molecular
heterogeneity of FBS/LIF ESCs.

We then tested the effect of budesonide on spontaneous
ESC differentiation triggered by 2i/LIF withdrawal. To this
aim, ESCs were cultured in FBS/2i/LIF for 3 days and then
either shifted to a medium containing FBS + budesonide
or maintained in FBS/2i/LIF as a control (time 0), and the
colony morphology was analyzed over time up to 96 h (Fig-
ure S6D). As expected, while FBS/2i/LIF ESCs colonies were
tightly packed and maintained an undifferentiated
morphology, the majority of FBS ESC colonies exhibited a
flat-shaped morphology and appeared differentiated
(~80% at 96 h) (Figure S6E). Accordingly, the percentage
of NANOG-positive cells strongly decreased in FBS
compared with FBS/2i/LIF culture (66.8 + 3.3 2i/LIF versus
7.1 £ 0.7 FBS) (Figure S6F). Addition of budesonide to FBS
culture medium strongly reduced the fraction of flat col-
onies from ~80% to ~30% and increased that of
NANOG-positive cells (7.1 + 0.7 FBS versus 39.4 + 4.8
FBS + budesonide) (Figure S6F), suggesting that exit from
pluripotency is significantly delayed in the presence of
budesonide.

We thus went on and assessed the effect of budesonide in
conditions that induce exit from naive pluripotency,
namely proline supplementation to FBS/LIF ESCs (Comes
etal., 2013; D’Aniello et al., 2017), analyzing the transcrip-
tome profile of FBS/LIF ESCs + proline + budesonide. Bude-
sonide induced a significant variation in the transcriptome
of both naive (FBS/LIF) and early primed (FBS/LIF + proline)
cells (Table S2). PCA placed proline + budesonide-treated
cells between FBS/LIF and FBS/LIF + budesonide ESCs (Fig-
ure 7B), providing molecular support to the morphological
analysis (Figures 3A and S5B). Of note, budesonide pre-
served the expression of genes associated with naive plurip-
otency, such as Esrrb, Pecam1, Rex1/Zfp42, and Tfcp2l1, and
prevented the upregulation of primed pluripotency
markers (Dnmt3b, Lin28, and Otx2) in FBS/LIF + proline cul-
ture conditions (Table S2). Gene ontology analysis of DRGs
(~700 in FBS/LIF ESCs + budesonide; fold change >1.5;
padj <0.05) (Table S2) revealed significant enrichment of
terms related to regulation of cell communication, cellular
metabolic process, and membrane-bounded organelles
(Figure 7C). Furthermore, budesonide altered the expres-
sion of a large set of genes involved in E-CADHERIN stabi-
lization (Figure 7D), supporting the idea that it promotes
cell-cell communication. Finally, to investigate the func-
tional features of proline + budesonide-treated cells, we as-
sessed their gastruloid formation competence (Figure 7E).
While, as expected, PiCs developed gastruloids that elon-
gated earlier and were smaller in size compared with naive
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ESC-derived gastruloids (Cermola et al., 2021), proline +
budesonide-treated cells generated gastruloids comparable
with those of naive ESCs (Figure 7E), thus providing further
evidence that budesonide counteracts the effect of proline
and favors features of naive pluripotency.

All together, these results support and extend our
findings on 3D gastruloids and indicate that budeso-
nide maintains an epithelial-like phenotype counteract-
ing the differentiation stimuli also in 2D conditions
(Figure 7F).

DISCUSSION

Here, we interrogated the mechanism(s) that triggers sym-
metry breaking in pluripotent stem cells using a chemical
genetic approach. Our findings revealed that budesonide,
a glucocorticoid widely used to treat airways and gastroin-
testinal syndromes, including asthma, Crohn disease, and
ulcerative colitis (Kalola and Ambati, 2021), enables ESCs
to withstand differentiation stimuli and prevents sponta-
neous symmetry breaking in mouse 3D gastruloids. Bude-
sonide activity is so far attributed to its glucocorticoids’
anti-inflammatory activity; here, we demonstrate that the
inhibitory effect of budesonide is independent from the
GR. Complementary to the findings that Nr3cl/GR
silencing does not affect gastruloid formation, we show
that none of the classical GR agonists or antagonists,
including dexamethasone, fluticasone, hydrocortisone,
and relacorilant, a nonsteroidal selective GR antagonist,
prevents gastruloid development. Of note, GR-indepen-
dent “non-genomic” effects of glucocorticoids have been
described, which hinge on nonspecific interactions of ste-
roidal molecules with cellular membranes (Losel et al.,
2003). Although we cannot rule out this mechanism, this
would not explain why budesonide but not the structurally
related dexamethasone, fluticasone, and hydrocortisone
inhibits the self-organization process of ESCs. Furthermore,
it is well known that glucocorticoids mainly promote GR-
mediated differentiation in different cellular context (Hart-
mann et al., 2016); conversely, budesonide counteracts exit
from pluripotency under conditions of either spontaneous
or induced differentiation. Of note, unlike budesonide,
none of the other recently identified inhibitors of esMT,
i.e., propafenone and spiramycin belonging to different
chemical classes, (D’Aniello et al., 2019), interferes with
gastruloid elongation, further confirming the specificity
of budesonide activity.

Different lines of evidence indicate that budesonide pro-
motes cell-cell adhesion both in 2D and 3D conditions and
suggest that this eventually halts cell fate transition. First,
budesonide reduces the spontaneous phenotypic and
molecular heterogeneity of FBS/LIF ESC population and



prevents exit from pluripotency under different condi-
tions, including LIF withdrawal and addition of proline
to FBS/LIF ESCs. Similarly, budesonide maintains highly
compacted floating aggregates of ESCs and impedes exit
from pluripotency under conditions that induce 3D gastru-
loid formation. Of note, budesonide-dependent inhibition
of gastruloid development is reversible as removal of bude-
sonide from cell aggregates at 48 h rescues, at least in part,
the aberrant phenotype and results in aggregates that elon-
gate and express the differentiation markers.

A role of cell tension in regulating cell fate specification
in early development has been uncovered in human
ESCs. Indeed, high cell-adhesion tension promotes meso-
derm specification and emergence of gastrulation-like
nodes, which relies on the phosphorylation-dependent
release of B-catenin from junctions and its nuclear translo-
cation (Muncie et al., 2020). Furthermore, disruption of
epithelial integrity has been reported to promote mesendo-
derm differentiation by increasing sensitiveness to mor-
phogens (Rattier et al., 2021). In 3D gastruloids, pharmaco-
logical activation of WNT signaling through a pulse of
CHIR99021 induces a break-down of the E-CADHERIN-
mediated cell-cell contacts and promotes collective cell
migration; conversely, in the absence of WNT activation,
E-CADHERIN expression is maintained and the aggregates
retain a spheroidal shape (Hashmi et al., 2021). Here, we
demonstrate that budesonide maintains E-CADHERIN at
the cell membrane and alters the expression of genes
involved in WNT signaling, blocking gastruloid develop-
ment. Mechanistically, we show that budesonide does
not counteract, at least in our conditions, the inductive ef-
fect of CHIR9902. This is also supported by the fact that,
while CHIR99021 either promotes (3D gastruloids) or pre-
vents (esMT) ESC differentiation, budesonide inhibits
both 3D gastruloids and esMT, suggesting a different mech-
anism of action.

Although further studies are necessary to clarify the
mechanism, our findings lead to the hypothesis that
budesonide prevents symmetry breaking of ESC aggregates
at least in part by interfering with the E-CADHERIN-
B-CATENIN/WNT axis. It is well known that E-CADHERIN
adhesive protein is essential to preserve both aggregation/
compaction propensity and naive pluripotency of ESCs
(Larue et al., 1994; Pieters and van Roy, 2014; Redmer
et al., 2011; Riethmacher et al., 1995); yet, the relationship
between exit from naive pluripotency and reprograming of
the cell-cell interactions is still debated. Here, we propose
that budesonide-dependent maintenance of cell-cell adhe-
sion shields ESCs from the differentiation signals in 2D
and 3D conditions, and locks cells in pluripotency prevent-
ing symmetry breaking in 3D gastruloids.

Gastruloids have been recently proposed as cell-based
models for drug safety testing (Mantziou et al., 2021); our

findings showing that a commonly used antiasthma drug
inhibits gastruloid development, can open the way to
further investigate unwanted effects of budesonide treat-
ment on fertility in women. Indeed, partial infertility has
been reported in asthmatic women (Gade et al., 2014; Ve-
jen Hansen et al., 2019), yet, to our knowledge, the effects
of budesonide on pregnancy have not been directly inves-
tigated with well-controlled and adequate clinical trials
(Kalola and Ambati, 2021). This could be highly relevant
also in light of the fact that budesonide has recently
emerged as a promising drug candidate to treat COVID-
19 (Heinen et al., 2021; Konduri et al., 2021; Ramakrishnan
etal., 2021; Yu et al., 2021). Of note, it is known that bude-
sonide, unlike the glucocorticoids beclomethasone, pred-
nisolone, dexamethasone, and betamethasone, cannot be
metabolized by the placental enzyme 11p-hydroxysteroid
dehydrogenase type 2 (Murphy et al., 2007).

In conclusion, our data provide evidence that budeso-
nide locks pluripotent stem cells in an epithelial-like state
and support the idea that cell-cell adhesion properties
regulate symmetry breaking and cell fate transition.
Furthermore, our findings strongly support the idea
that gastruloids can be successfully used to uncover previ-
ously unidentified adverse effects of drugs on embryo
development.

EXPERIMENTAL PROCEDURES

ESC culture conditions and PiC generation

Wild-type E14Tg2a (E14) and DRES ESCs (Parchem et al., 2014)
were grown in FBS/LIF as described previously (D’Aniello et al.,
2017; Fiorenzano et al., 2016). The cell lines were routinely tested
and confirmed to be free of mycoplasma. PiCs were obtained from
naive ESCs as described previously (Comes et al., 2013). Crystal vi-
olet staining and colony type analysis were performed as described
(Comes et al., 2013).

Gastruloid formation

Gastruloid formation assay was performed as described (Cermola
et al., 2021, 2022). ESCs were seeded at 2.5-3.0 x 102 cells/well,
except for DRES (6 x 107 cells/well). See supplemental informa-
tion for details. Morphometric analysis of gastruloids was
performed using Image]J 1.46r software (https://imagej.nih.gov/
ij/). Elongation index was calculated using ImageJ-Fiji (BIOP
plugin).

Proliferation and apoptosis assays

ESCs were plated at 15,000 cells/cm? + indicated drugs. Prolifera-
tion was evaluated using Click-iT EAU Flow Cytometry (Molecular
Probes) assay, following the manufacturer’s instructions. ESCs
were incubated ON at 37°C with EAU (10 uM) and analyzed using
FACSARIAIII (Becton Dickinson). Apoptosis was evaluated using
Annexin V/propidium iodide assay (Dojindo Laboratories) and
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analyzed by FACS using the Diva software (BD Biosciences, San
Jose, CA).

RNA extraction and quantitative real-time PCR

Total RNAs were isolated using either the RNeasy kit or Trizol
(Invitrogen) and reverse transcribed using QuantiTect Reverse
Transcription kit (QIAGEN). Quantitative real-time PCR was per-
formed using SYBR Green PCR master mix (FluoCycle II SYBR,
EuroClone). Primers are listed in Table S4.

RNA sequencing analysis

3’ RNA sequencing was performed at Genomix4Life S.r.1. using
the Illumina platform. Raw data were aligned to Genecode
M27 (GRCm39). Quantification of gene expression was per-
formed using FeatureCounts (version 2.0). R software was used
to create a matrix of all genes expressed in all samples with
the corresponding read-counts, and Bioconductor package
DESeq2 was used to normalize the data, using the median of ra-
tio to perform differential expression analysis (p < 0.05). In
particular, the counts were divided by sample-specific size
factors determined by median ratio of gene counts relative to
geometric mean per gene.

Immunofluorescence and western blot
Immunofluorescence on gastruloids was performed as described
(Baillie-Johnson et al., 2015; Cermola et al., 2021). For staining
with BRACHYURY, gastruloids were washed at RT with PBS (3%,
10 min), PBS/10% FBS/0.5% Triton X-PBSFT (1x, 10 min), and
with PBSFT (1 h, 4°C), and incubated with antibodies (48 h, at
4°C) on a low-speed orbital rocker. Confocal images were obtained
on a Nikon A1 microscope. The AF6000 (Leica Microsystems) and
NIS Element C (Nikon, Tokyo) software were used for image acqui-
sition/elaboration.

Western blot analysis was performed as described (D’Aniello
etal., 2017). See supplemental experimental procedures for details.
Primary and secondary antibodies are listed in Table S3.

Quantification and statistical analysis

The number of independent experiments is reported as “n” in the
caption of each figure and the total samples size is indicated.
Statistical significance was determined by a two-tailed paired
Student’s t test. Results are presented as the mean + SD (standard
deviation of the mean) or as box/dot plot displaying minimum,
first quartile, median, third quartile, and maximum. Box/dot
plots were generated using RStudio software (https://www.
rstudio.com/) v.1.1.463.

Accession numbers
The accession number for RNA-seq data reported in this paper is
GEO: GSE199767.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.09.013.
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