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SUMMARY
Floating spheroidal aggregates of mouse embryonic stem cells can develop into polarized/elongated organoids, namely gastruloids. We

set up a high-performing assay tomeasure gastruloid formation efficiency (GFE), and found thatGFE decreases as pluripotency progresses

from naive (GFER 95%) to primed (GFE = 0) state. Specifically, we show that primed EpiSCs fail to generate proper cell aggregates, while

early-primed EpiLCs aggregate but eventually fail to develop into elongated gastruloids.Moreover, we characterized proline-induced cells

(PiCs), a LIF-dependent reversible early-primed state of pluripotency, and show that PiCs are able to generate gastruloids (GFE� 50%) and

are also competent to differentiate into primordial germ cell-like cells. Thus, we propose the GFE assay as a valuable functional tool to

discriminate different states of the pluripotency continuum.
INTRODUCTION

Pluripotent stem cells (PSCs) forced to grow under non-

adherent culture conditions are inclined to establish cell-

cell adhesive interactions and, eventually, generate floating

three-dimensional cell aggregates, embryoid bodies (Brick-

man and Serup, 2017). Under defined culture conditions,

small numbers of mouse embryonic stem cells (mESCs)

form tightly packed and globular aggregates that develop

into organoids that break symmetry and grow in a polar-

ized manner with regard to three orthogonal axes (Baillie-

Johnson et al., 2015; Marikawa et al., 2009; Simunovic

and Brivanlou, 2017; Turner et al., 2016; Turner et al.,

2017; van den Brink et al., 2014; Vianello and Lutolf,

2019). These structures are called ‘‘gastruloids’’ (van den

Brink et al., 2014), and the cell’s aggregate-to-gastruloid

transition has been shown to exhibit some features of

mouse embryo gastrulation (Beccari et al., 2018; Turner

et al., 2017; van den Brink et al., 2020). Gastruloid develop-

ment depends on: (1) the mESC line examined; (2) the

diameter (150–200 mm) of the initial cell aggregates, which

is determined by the number of cells (200–400 cells); and

(3) a transient (24 h) treatment of developing aggregates

with a WNT (Wingless/Integrated) signaling inducer (Bail-

lie-Johnson et al., 2015; Turner et al., 2017). Depending on

the starting conditions, different types of organoids may

result from this process, which include not only elongated

structures but also atypical structures, large spherical cell

masses (proliferation without symmetry breaking), spher-

ical structures with protrusions (multiple elongation at-

tempts), and elongated gastruloid-like aggregates, but

with one or a few short ectopic protrusions (Baillie-John-

son et al., 2015; Turner et al., 2017). The reason for these
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failures remains largely unknown. It is well known that

PSC culture conditions influence the behavior of mESCs

and that under standard conditions, e.g., serum and leuke-

mia inhibitory factor (LIF), a culture contains a mixture of

different cell populations (Mulas et al., 2019; Munoz Des-

calzo et al., 2012; Smith, 2017). Growing mESCs in defined

media, for instance 2i + LIF, eliminates these heterogene-

ities and maintains the population in a naive/ground state

of pluripotency (Ying et al., 2008). The exit from pluripo-

tency in the presence of fibroblast growth factor (FGF)

and ACTIVIN A (F/A) triggers a sequence of mESC transi-

tions through unstable states toward a stable primed plu-

ripotency, represented by EpiSCs, which reflect the post-

implantation epiblast (Brons et al., 2007; Morgani et al.,

2017; Najm et al., 2011; Tesar et al., 2007). Two examples

of transient unstable states are EpiLCs (Murakami et al.,

2016) and the formative state (Smith, 2017). Each of the

stable states exhibits specific cell organization; whereas

naive cells are inclined to establish robust cell-cell adhesive

interactions, primed cells are more prone to establishing

cell-substrate rather than cell-cell interactions.

Intermediate states of pluripotency can be captured in

culture by modulating the level of metabolites in the me-

dium, such as proline and ascorbic acid/vitamin C

(D’Aniello et al., 2019b, 2017a; D’Aniello et al., 2017b).

Several pieces of evidence indicate that a high proline

regimen drives mESCs toward a fully reversible primed

pluripotent state (proline-induced cells [PiCs]), which re-

sembles that of EpiLCs (Casalino et al., 2011; Comes

et al., 2013; D’Aniello et al., 2019a; Washington et al.,

2010). Gastruloids have been shown to mimic aspects of

early development and body plan formation and might

provide an additional test of the developmental fidelity of
uthor(s).
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Figure 1. Efficiency of the Optimized Gastruloid Formation Assay
(A) Schematic representation of the experimental design. WT (TBV2) mESCs were plated in 2i + LIF at 250 cells/cm2 on gelatin-coated
plates.
(B) Representative bright-field images of aggregate-to-gastruloid transition at the indicated time points after aggregation. Light blue
arrow indicates the protrusion zone (bar, 100 mm).
(C) Pie chart quantification of the different organoid phenotypes, i.e., without protrusions with a defined A-P axis (‘‘Elongated’’) or with
protrusions and a defined A-P axis (‘‘Elongated_Protrusions’’). Data are expressed as mean ± SD (n = 3; 180 gastruloids analyzed).

(legend continued on next page)
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the cells. Here we report significant technical advances to

optimize the gastruloid formation efficiency (hereafter

GFE), namely, the fraction of initial cell aggregates that

generate fully developed gastruloids, and exploit the po-

tential of GFE as a powerful in vitromethod to discriminate

different states of pluripotency.
RESULTS

Improvement of Gastruloid Formation Efficiency in

mESCs

To optimize the efficiency of gastruloid formation, we have

adapted the current protocol of Baillie-Johnson et al.

(2015), using a TBV2 mESC line (Casalino et al., 2011),

particularly by increasing ESC counting accuracy and preci-

sion.We first verified the ability of TBV2mESCs to generate

gastruloids using the original protocol (Baillie-Johnson

et al., 2015). To this end, FBS/LIF mESCs were seeded at

the appropriate density (300 cells/40 mL) in ultra-low

attachment plates to force aggregation. Forty-eight hours

after aggregation (48 h AA), we observed the formation of

spherically shaped cell aggregates with a diameter ranging

from 125 to 195 mm (mean = 156 mm) (Figure S1A). Three

days later (120 h AA), a major fraction (�75%) of the pri-

mary cell aggregates had become elongated gastruloids

(0.5–1 mm long), whereas a significant fraction either re-

mained as unstructured globular cell masses (�10%) or

developed into aberrant organoids (�15%), displaying

one or more ectopic protrusions (Figures S1B and S1C).

These results confirmed the occurrence of abnormalities

during gastruloid formation, in line with that described

with other mESC lines (Baillie-Johnson et al., 2015; Turner

et al., 2017). Trying to minimize the fraction of abnormal

events and improve GFE, we modified the cell culture con-

ditions (see Figure 1A). First, cells were grown at lowdensity

(250 cells/cm2) on gelatin-coated plates in 2i + LIF, rather

than as a confluent (>60%)monolayer. Under these culture

conditions, mESCs gave rise to 90%–95% naive/round-

domed cell colonies (Figure S1D). Cell dissociation with

trypsin reduces the cell-cell adhesion capability of early

primed, i.e., L-Pro-induced (Comes et al., 2013), andprimed

PSCs (Brons et al., 2007), which we reasoned might affect

the subsequent aggregation step and eventually reduce

the GFE. To overcome this limitation, cells were dissociated
(D) Boxplot diagrams of aggregate diameter distribution at 48 h (left)
(n = 3; 60 gastruloids/time point).
(E) Representative bright-field (left) and confocal images (middle an
SOX2, and SOX17 (red). Nuclei were counterstained with DAPI (bar, 2
(F) Representative pictures of gastruloid sections stained with toluid
(G) Representative confocal image of Ki67 immunostaining of gastru
See also Figure S1.
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with a milder accutase treatment (Figure 1A). Finally, since

proper gastruloid development relies on the number of

aggregated cells (Baillie-Johnson et al., 2015), we reasoned

that the presence of dead cells and/or cellular debris may

negatively influence the GFE, increasing the fraction of

aberrant embryonic organoids. Thus, to exclude dead cells

and cellular debris from the aggregates, living cells were

sorted by fluorescence-activated cell sorting (FACS) and a

precise/controlled number of cells were seeded and allowed

to aggregate (Figures 1A and S1E). The subsequent steps

of gastruloid formation assay, including the pulse of

CHIR99021 (CHIR; Figure 1A), were carried out as previ-

ously described (Baillie-Johnson et al., 2015; Turner et al.,

2017; van den Brink et al., 2014). Following this protocol,

almost 100%of the developing organoids displayed a single

clear protrusion zone at 96 h, thus indicating a well-pre-

served timing of gastruloid induction (Figure 1B). Later on

(120 h), we found a prevalent fraction (95%–98%) of fully

developed elongated organoids and a minor fraction (2%–

5%) of elongated organoids that, however, displayed one

or more short ectopic protrusions (Figure 1C).

To assess the reproducibility of the protocol, we evalu-

ated different parameters, including the diameter of cell ag-

gregates (48 h AA) and both the length and the volume of

the developed gastruloids (120 h AA). The diameter of

FACS-plated aggregates fluctuated within a significantly

lower range (mean = 166 mm; min 153 mm; max 180 mm)

comparedwith that obtained by following the original pro-

tocol (mean = 156 mm; min 125 mm; max 195 mm) (Figures

1D and S1A). The expression profile of selected develop-

mental markers, including BRACHYURY (T), SOX2,

SOX17, CDX2, and NESTIN, confirmed the establishment

of cell lineages and anteroposterior (A-P) axis (Figure 1E).

Morphological and immunofluorescence analysis showed

that the gastruloids displayed a tightly compacted structure

mainly composed of actively dividing cells (Figures 1F and

1G). Interestingly, we observed that excessive narrowing of

the forward-scatter light (FSC) and side-scatter light (SSC)

values increased the fraction of undeveloped aggregates

and strongly reduced the GFE (Figure S1F), suggesting

that a certain degree of phenotypic heterogeneity in the

stem cell population is essential to generate functional

cell aggregates.

We also evaluated the GFE of feeder-free E14 mESCs.

ESCs were grown at low density (250 cells/cm2) on
and gastruloid length (middle) and volume (p$r2$h; right) at 120 h

d right) of gastruloids stained with CDX2, NESTIN (green), T/BRA,
00 mm).
ine blue; red arrows indicate dividing cells (bar, 100 mm).
loids. Nuclei were counterstained with DAPI (blue) (bar, 100 mm).



Figure 2. Cripto Genetic Ablation Impairs Gastruloid Formation
(A) Schematic representation of the experimental design. WT (R1) and Cripto KO mESCs were plated in 2i + LIF at low density on gelatin-
coated plates.

(legend continued on next page)
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gelatin-coated plates in 2i + LIF, raising up to �95% of

round domed colonies (Figure S1G). Following mild disso-

ciation with accutase, living cells were sorted by FACS (Fig-

ure S1H) and subjected to the gastruloid formation proto-

col as in Figure 1A. In line with that observed with TBV2

ESCs, almost all the aggregates developed elongated gastru-

loids at 120 h AA (Figure S1I).

Together these findings define the proper culture condi-

tions to increase the GFE of both feeder-free and feeder-

dependent mESCs.

Cripto Is Essential for Proper Gastruloid Development

To further validate our experimental approach, we tested

the GFE of Cripto knockout (KO) mESCs (Parisi et al.,

2003). CRIPTO is an obligate co-receptor of the transform-

ing growth factor b (TGF-b) family member NODAL (Min-

chiotti, 2005) and is required for the proper formation of

the A-P axis during embryo development (D’Andrea et al.,

2008; Ding et al., 1998). To evaluate the effect of Cripto ge-

netic ablation on the GFE, we used two independent Cripto

KO ESC clones (hereafter Cl.#1 and Cl.#2) (Parisi et al.,

2003). Wild-type (WT) and Cl.#1 and Cl.#2 ESCs were

seeded at low density on gelatin-coated plates in 2i + LIF;

following 5 days in culture, the resulting colonies were

dissociated with accutase, and the cells were seeded in 96-

well ultra-low plates (300 cells/well) (Figure 2A). At 48 h

AA both WT and Cripto KO cells generated spherical aggre-

gates with a diameter of �160 mm (Figure 2B); the aggre-

gates of Cripto KO Cl.#2 but not Cl.#1 were slightly smaller

compared with control (Figure 2B). At 96 h AA a protrusion

zone became evident in the large majority (�90%) of WT

and Cripto KO aggregates (Figure S2A). Later on, at 120 h

AA, a large fraction (�95%) of the WT aggregates became

fully elongated organoids (Figure 2C). Conversely, most

of the Cripto KO aggregates (R95%) maintained a sphe-

roidal morphology (Figures 2C and S2A), providing evi-

dence that gastruloid development is halted in the absence

of Cripto. To exclude that the observed phenotype was due

to inefficient formation of the cell aggregates, we increased

the number of Cripto KO cells up to 450 cells/well. Yet,
(B) Representative bright-field images (left) and diameter distributi
(Cl.#2) mESC-derived aggregates at 48 h (n = 3; 30 gastruloids/cond
(C) Representative bright-field images of WT and Cripto KO ESC-deriv
veloped WT and Cripto KO organoids at 120 h. Data are expressed as m
(D) Schematic representation of CRIPTO rescue experiment. Soluble C
(E) Representative bright-field images (left) of Cripto KO ± sCRIPT
different organoid type frequencies (right). Data are expressed as me
(F) Representative confocal images of WT and Cripto KO ± sCRIPTO-der
(red). Nuclei were counterstained with DAPI (blue) (bar, 100 mm).
(G) Representative confocal images of Cripto KO ± ACTIVIN A-derived
were counterstained with DAPI (blue) (bar, 100 mm).
See also Figure S2.
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Cripto KO aggregates maintained a spheroidal morphology

and failed to elongate (Figure S2B), thus providing unprec-

edented evidence that Cripto is dispensable for aggregate

formation but is essential for gastruloid development.

Finally, we performed rescue experiments by using a re-

combinant soluble active form of CRIPTO (sCRIPTO) (Fior-

enzano et al., 2016). Cripto KO aggregates were treated with

sCRIPTO (from 24 to 48 h AA) or left untreated as control

and the GFE was analyzed at 120 h (Figure 2D). A signifi-

cant fraction (>40%) of sCRIPTO-treated Cripto KO aggre-

gates developed elongated gastruloids, which appeared

larger in size compared with control (Figure 2E). Immuno-

fluorescence analysis revealed a similar spatial pattern of

cells expressing T and CDX2 in fully elongated WT and

Cripto KO rescued (Cripto KO + sCRIPTO) gastruloids,

which, conversely, were almost absent in undeveloped

Cripto KO organoids (Figure 2F). The expression domain

of both genes in the rescued mutants was larger compared

with that ofWT gastruloids, suggesting that sCRIPTO treat-

ment expanded the posterior mesoderm fate of gastruloids,

which might be due to increased NODAL activity (Parisi

et al., 2003). Interestingly, Sox2 and Sox17 were expressed

in the undeveloped Cripto KO aggregates (Figures 2F and

S2C). Quantitative real-time PCR expression analysis

confirmed and extended these findings, e.g., Brachyury

and Cdx2 were undetectable in Cripto KO organoids,

whereas their expression was fully rescued in sCRIPTO-

treated Cripto KO gastruloids (Figure S2D). Expression of

Sox2 was significantly higher in Cripto KO compared with

control (Figure S2D); this correlates with the presence of a

large area of SOX2-positive cells in the central region of

the Cripto KO spheroids (Figure 2F) as well as NESTIN-pos-

itive cells (Figure S2C). These findings are in line with the

fact that Cripto-null mutant embryos lack posterior struc-

tures (Ding et al., 1998).

To better define the role of NODAL signaling in the

inability ofCriptoKO cells to generate gastruloids, we inves-

tigated the effect of ACTIVIN A, which is a potent inducer

of NODAL signaling (Pauklin and Vallier, 2015), and found

that a transient pulse (24–48 h) of ACTIVIN A (20 ng/mL)
on (right) of R1 (WT) and Cripto KO clone #1 (Cl.#1) and clone #2
ition; *p < 0.01; bar, 100 mm).
ed gastruloids/organoids (left) and quantification (right) of unde-
ean ± SD (n = 3; 60 organoids/condition; *p < 0.01; bar, 100 mm).
RIPTO protein (sCRIPTO, 10 mg/mL) was added at 24 h.
O-derived gastruloids/organoids. Pie chart quantification of the
an ± SD (n = 3; 30 gastruloids/condition analyzed; bar, 100 mm).
ived organoids stained with CDX2 (green), T/BRA, SOX2, and SOX17

organoids (120 h AA) with SOX2 (red) and NESTIN (green). Nuclei



in Cripto KO aggregates induced the polarization and elon-

gation of a significant fraction (�60%) of mutant aggre-

gates (Figure S2E) that also expressed T at the posterior

end of the gastruloid (Figure S2F). However, unlike that

observed in WT gastruloids, the expression of CDX2 and

SOX17 was undetectable in the ACTIVIN A-induced Cripto

KO gastruloid-like organoids (Figure S2F), whereas a large

area of NESTIN-positive cells was observed (Figures 2G

and S2F). These data suggested that ACTIVIN A is able to

rescue the polarization and elongation, but fails to induce

proper gastruloid development in Cripto KO aggregates.

Furthermore, a significant fraction of the ACTIVIN

A-induced Cripto KO organoids displayed ectopic protru-

sions (Figure S2E). This phenotype could be due, at least

in part, to the fact that the ACTIVIN A-treated Cripto KO

aggregates (48 h AA) were consistently larger in size

(>200 mm) compared with those that elongate properly.

The abortive development of Cripto KO aggregates vali-

dates our experimental approach and provides evidence

that Cripto is essential for the induction of symmetry

breaking (A-P axis formation) in developing gastruloids.

Primed Pluripotency Impairs Gastruloid Development

We then went on and investigated the impact of different

pluripotent states from naive to primed on GFE. The

naive-to-primed transition was induced as described

(Ying et al., 2008). Naive (2i + LIF) ESCs were seeded at

low density (1,500 cells/cm2) on serum-coated plates and

grown in N2B27 with F/A for 2 (F/A_2d) and 5 (F/A_5d)

days. As expected, expression of the pluripotency markers

Nanog, Sox2, Rex1, and Dppa5a decreased in F/A_2d

compared with 2i + LIF ESCs, while that of the differenti-

ation markers Cerberus (Cer1), Brachyury (T), and Apelin re-

ceptor (Aplnr) increased (Figure S3A); the transition from

naive to primed was complete in F/A_5d cells. We then as-

sessed the ability of primed cells to revert to the naive state

by performing colony formation assays (see Experimental

procedures). F/A_2d but not F/A_5d cells were able to

generate naive-like dome-shaped colonies (Figures S3B

and S3C) and were competent to differentiate into primor-

dial germ-like cells (PGCLCs; see Figure 7), a potential that

distinguishes early-primed EpiLCs from primed EpiSCs

and naive ESCs (Hayashi et al., 2018). Together these find-

ings are in line with the idea that F/A_2d and F/A_5d cells

correspond to early-primed EpiLCs and primed EpiSCs,

respectively.

We tested if theGFE could be used to distinguish between

naive ESCs (2i + LIF), EpiLCs (F/A_2d), and EpiSCs p0

(F/A_5d) using the optimized gastruloid formation assay

(Figure 3A). First, naive and primed cells showed remark-

able differences both in the cytometric parameters (Fig-

ure S3D) and in the ability to aggregate (Figure 3B). Indeed,

while naive cell- and EpiLC-derived aggregates (48 h AA)
were similar in shape (spheroidal) and size (diameter

mean �170 mm) (Figure 3B), EpiSC-derived aggregates

were smaller in size (�50 mm) (Figure 3B). Later on, at

120 h AA, while 2i + LIF cell aggregates developed into fully

elongated gastruloids (Figures 3C and S3E), the largemajor-

ity of EpiLC-derived aggregates maintained a spheroidal

morphology with a central globular aggregate of cells sur-

rounded by a disorganized and irregular tissue-like struc-

ture (Figures 3C and S3E), suggesting that they failed to un-

dergo proper aggregate-to-gastruloid transition. Moreover,

EpiSCs-derived aggregates developed into abortive struc-

tureswhosemorphology ranged from spheroidal cell aggre-

gates (�15%) to small irregular cell clusters (�70%; Fig-

ure 3C). EpiSCs p0 are highly heterogeneous; however,

homogeneous EpiSCs can be stabilized in culture following

mechanical passages (Greber et al., 2010). We thus

compared the GFE of EpiSCs after six passages in culture

(EpiSCs p6) with that of EpiSCs p0 (F/A_5d). Unlike EpiSCs

p0, stable EpiSCs were able to aggregate; however, EpiSC

p6-derived aggregates displayed heterogeneous morphol-

ogies (48 h AA) and failed to properly elongate, maintain-

ing a globular structure with some irregular protrusions

(120 h AA; Figure 3D).

We thus assessed whether F/A treatment induced either a

sudden loss or a gradual decrease of gastruloid formation

competence. To this end, naive ESCs were treated with

F/A for different times (12, 24, and 36 h) and their GFE

was evaluated. While the GFE of F/A_12 h cells was

comparable to that of naive ESCs (�95%), 24 h of F/A

treatment completely abolished cells’ competence to

generate elongated gastruloids (Figure 3E). Indeed, the

aggregates derived from F/A-induced cells at both 24

and 36 h failed to elongate, maintaining a spheroidal

morphology (Figure 3E).

All together, these findings indicate that, unlike naive

ESCs, F/A-induced primed cells are unable to form gastru-

loids and suggest that F/A treatment causes a sudden loss

of ESC gastruloid development competence under these

experimental conditions.

F/A-Induced Primed Pluripotency Reduces the Cell

Aggregation Propensity

The precise dimensions of mESC aggregates are a critical

parameter for gastruloid induction (Baillie-Johnson et al.,

2015). Reduced cell aggregate size can be a consequence

of either a defective cell aggregation process or a disaggre-

gation subsequent to a normal aggregation process. To

investigate this issue directly, we imaged cell aggregate

generation at early time points. It has been recently re-

ported that mESCs spontaneously aggregate 8–10 h after

seeding (250–300 cells/well) in low-attachment plates

(Turner et al., 2017). Accordingly, we observed the pres-

ence of irregularly shaped aggregates of naive ESCs already
Stem Cell Reports j Vol. 16 j 354–369 j February 9, 2021 359



Figure 3. F/A-primed Pluripotent Cells
Fail to Generate Gastruloids
(A) Schematic representation of the experi-
mental design. F/A, FGF/ACTIVIN A.
(B) Representative bright-field images of 2i +
LIF ESCs, EpiLCs, and EpiSC-derived aggre-
gates at 48 h (left) and boxplot diagram
(right) of the distribution of the diameters.
Red arrows indicate detached cells and
debris (n = 3; 30 gastruloids/condition; bar,
100 mm;*p < 0.01).
(C) Representative bright-field images of
the gastruloids and aggregates derived from
2i + LIF ESCs, EpiLCs, and EpiSCs, respec-
tively. Data are expressed as mean ± SD (n =
3; 60 gastruloids/organoids/condition) (bar,
50 mm).
(D) Representative bright-field images (left)
of 2i + LIF ESC-, EpiSC p0-, and EpiSC p6-
derived aggregates/gastruloid-like organoids
at the indicated time points, and quantifi-
cation (right) of the elongated gastruloids at
120 h. Data are expressed as mean ± SD (n =
3; 60 gastruloids/condition; bar, 100 mm;
*p < 0.01).
(E) Representative bright-field images (left)
of gastruloids/organoids derived from 2i +
LIF- and F/A-treated cells at the indicated
time points (bar, 200 mm) and quantification
of percentage (right) of elongated gas-
truloids. Data are expressed as mean ± SD
(n = 3; 60 gastruloids/condition; *p < 0.01).
See also Figure S3.
at 7 h (mean diameter �107 mm) (Figure 4A). Later on

(10 h) these naive cell-derived aggregates became highly

compacted and displayed a spheroidal morphology

(mean diameter �100 mm) (Figure 4A). Within this time

window, only a few free, non-adherent cells were

observed, thus confirming the extraordinary propensity

of naive ESCs to generate stable cell-cell interactions. Ep-

iLC-derived early aggregates (7 h) appeared less compacted

(mean diameter �150 mm) and surrounded by few non-

adherent cells (Figure 4A). By 10 h onward, the diameter

of the EpiLC aggregates decreased, reaching their mini-

mum (�135 mm) at around 24 h after seeding (Figure 4A).

EpiSC-derived aggregates were much smaller in size (50–

70 mm) compared with those generated by EpiLC; further-
360 Stem Cell Reports j Vol. 16 j 354–369 j February 9, 2021
more, they were surrounded by a consistent amount of

non-adherent cells and cellular debris (Figure 4A). It is

thus reasonable to speculate that the generation of gastru-

loid-developing aggregates requires their compaction/

condensation, most likely through the stabilization of

cell-cell contacts in the initial cell aggregates. In line

with this idea, a gene expression profile analysis

(D’Aniello et al., 2017b) showed a significant enrichment

in genes related to focal adhesion in EpiSCs p0 compared

with 2i + LIF ESCs, which well correlates with a reduced

aggregation competence (Figure 4B).

All together these data suggested that F/A-induced

primed cells undergo a substantial loss of their capacity to

re-establish stable cell-cell contacts following dissociation.



Figure 4. Gastruloid Aggregation Kinetics
(A) Representative bright-field images (left)
of aggregates derived from 2i + LIF ESCs,
EpiLCs, and EpiSCs p0 at the indicated time
points (bar, 100 mm). Red arrows indicate
detached cells. Time course quantification
(right) of diameters of 2i + LIF ESC-, EpiLC-,
and EpiSC p0-derived aggregates. Data are
expressed as mean ± SD (n = 3; 30 gas-
truloids/condition; *p < 0.01).
(B) Pie chart quantification of differentially
expressed genes (left) and KEGG pathway
enrichment (right) of upregulated genes in
EpiSCs p0 versus 2i + LIF.
Gastruloid Development Competence of Proline-

Induced Pluripotent Cells

To further evaluate the impact of primed pluripotency on

gastruloid development, we assayed the GFE of PiCs. PiCs

were obtained by plating mESCs at low clonal density on

gelatin-coated plates in FBS/LIF medium supplemented

with proline (Comes et al., 2013). As expected, more than

90% of the cell colonies displayed a typical flat and irreg-

ular morphology after 4–5 days in culture (Figure S4A).

PiCs were dissociated by accutase and subjected to the gas-

truloid formation protocol (Figure 5A). Control ESCs and

PiCs displayed different flow cytometric profiles (FSC and

SSC), indicating that a high proline regimen modified

ESC size and granularity (Figure S4B). PiC aggregates

(48 h AA) were smaller in size (mean diameter = 120 mm)

compared with control ESCs (mean diameter = 160 mm)

(Figure 5B), and these differences persisted after increasing

the number of seeded cells up to 350 (Figure S4C). PiC-

derived aggregates started to undergo elongation already

at 72 h, whereas, as expected, control ESC aggregates still

exhibited a round morphology (Figure 5C). Whereas elon-

gation of PiC-derived aggregates was anticipated by 24–36

h, the overall dimension of the gastruloid-like organoids

generated by PiCs was smaller compared with that of

ESCs (Figure 5C). These findings suggested that aggregates

formed with PiCs elongate earlier compared with aggre-

gates formed with ESCs, a feature that correlates with a pro-

pensity to formmore compact and thus smaller aggregates.

Later on, at 96 h AA, two different morphologies were
observed: the majority of PiC-derived organoids (�60%)

displayed a gastruloid-like fully elongated phenotype,

while the remaining (�40%) maintained the spheroidal

morphology of the initial cell aggregates (Figure 5D). The

mean length of PiC-derived gastruloids was approximately

half that of ESC-derived gastruloids (Figure S4D).

To evaluate if the premature extension and shortened

length of PiC-derived gastruloids reflected altered expres-

sion of developmental genes, we analyzed the expression

pattern of CDX2 and T, and found that they were both ex-

pressed in specific territories of PiC elongated organoids

(Figure 5E). Frequently, the PiC-derived organoids ex-

hibited a prominent round zone of histological heteroge-

neity, which stained positive for the mesoendodermal

marker SOX17 (Figures 5E and 5F). Large areas of cells ex-

pressing the pan-neuronal marker SOX2 were observed

adjacent to and surrounding the central region of SOX17-

expressing cells (Figure 5G). Histological examination of

resin-embedded PiC-derived gastruloids (96 h AA) revealed

the presence of both actively dividing and differentiated

cells/tissues (Figure 5H). Immunofluorescence analysis of

Ki67 confirmed the presence of actively dividing cells (Fig-

ure 5I). At 120 h AA, a significant fraction (>50%) of PiC-

derived organoids were surrounded by a large number of

detached cells (Figures 5J and S4E), suggesting that they un-

derwent early disaggregation.

These findings supported the idea that proline supple-

mentation in the presence of LIF forces cells toward

an early and reversible primed state of pluripotency,
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Figure 5. Proline-treated ESCs Are Competent for Gastruloid Formation
(A) Schematic representation of experimental design.
(B) Representative bright-field pictures (left) of control (Ctrl) and PiC-derived aggregates (48 h) and boxplot diagram (right) of diameter
distribution (n = 3; 45 gastruloids/condition; *p < 0.01; bar, 100 mm).
(C) Representative bright-field images of globular aggregate-to-elongated gastruloid transition of PiCs and Ctrl cells (bar, 100 mm). Light
blue and yellow arrows indicate the protrusion zone and the ovoidal-to-elongated shape transition, respectively.

(legend continued on next page)
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which maintains competence to generate gastruloid-like

organoids.

LIF Exerts a Dominant Effect on Gastruloid

Development Competence of Pluripotent Stem Cells

Several pieces of evidence indicate that EpiLCs and PiCs

share features of an early-primed state of pluripotency

(D’Aniello et al., 2017b, and data herein); however, we

found that PiCs but not EpiLCs generated elongated gastru-

loids (Figures 3 and 5). Unlike EpiLCs, PiCs strictly rely on

LIF (Casalino et al., 2011; D’Aniello et al., 2017a). We thus

hypothesized that an active LIF signalingmight account, at

least in part, for the different GFEs of EpiLCs and PiCs. To

address this issue, ESCs were cultured in F/A ± LIF for

48 h, and the GFE of the resulting cells was assessed (Fig-

ure 6A). Whereas F/A-induced cells (EpiLCs) failed to

generate elongated gastruloids, F/A + LIF-induced cells

were able to form gastruloids (GFE � 80%; Figure 6A).

Compared with EpiLCs, F/A + LIF-induced cells showed

higher expression levels of pluripotency genes including

Tfcp2l1, Esrrb, Rex1, Klf4, and Nanog (Figure 6B) and lower

expression of the primedmarkers Fgf5 and Cer1 (Figure 6B)

and retained a more homogeneous expression of NANOG

(Figure 6C).

Similar results were obtained by adding LIF to EpiLCs in

the 0–48 h time window of cell aggregation (Figure 6D),

thus suggesting that LIF is able to rescue the gastruloid

development competence of EpiLCs.

These data suggested that active LIF signaling exerts a

dominant effect over exogenous F/A in providing compe-

tence for gastruloid development.

PiCs Are Competent for PGC-like Cell Differentiation

A unique feature of EpiLCs is their ability to differentiate

into PGCLCs, whereas both naive cells and EpiSCs are

recalcitrant to undergo PGC differentiation (Morgani

et al., 2017). We thus investigated if PiCs were competent

to generate PGCLC. To this end, ESCs, EpiLCs, and PiCs

were dissociated with accutase and seeded (2,500 cells/
(D) Pie chart quantification of PiC-derived organoid type frequency
analyzed).
(E) Representative confocal images of PiC-derived gastruloids staine
counterstained with DAPI (bar, 200 mm).
(F) Representative bright-field and confocal images of PiC-derived g
(bar, 100 mm).
(G) Representative confocal images of PiC-derived gastruloids stained
DAPI (bar, 100 mm).
(H) Representative pictures of toluidine blue-stained sections of PiC
tiated area (bar, 100 mm).
(I) Representative confocal image of PiC-derived gastruloid stained w
(J) Representative bright-field images of PiC-derived organoids at th
See also Figure S4.
well) in ultra-low attachment 96-well plates (Figure 7A),

and the resulting aggregates were incubated in GK15 me-

dium supplemented with LIF, BMP4, EGF, and SCF as previ-

ously described (Hayashi and Saitou, 2013). We first

observed that the size of aggregates varied among the

different pluripotent states analyzed (Figure 7B). Indeed,

PiC aggregates were smaller in size than those of naive

ESCs and EpiLCs (Figure 7B). Immunofluorescence analysis

of the PGCLC markers BLIMP1 and OCT4 (Hayashi et al.,

2018) showed BLIMP1/OCT4 double-positive PGCLCs in

both EpiLC- and PiC-derived aggregates (Figure 7C). To

corroborate these results, we analyzed the RNA expression

profiles of different PGC markers, including Blimp1,

Prdm14, and Nanos3, which were all induced in EpiLC-

and PiC-derived aggregates (Figure 7D). Finally, immuno-

fluorescence for the PGC marker AP2-g in a cytospun

preparation showed a higher percentage of AP2-g-positive

cells in EpiLC- and PiC-derived compared with naive

ESC-derived aggregates (Figure 7E).

All together, these findings indicate that PiCs, like

EpiLCs, are competent for PGCLC differentiation, and

provide further evidence that a highproline regimen in-

duces an early-primed state of pluripotency, which exhibits

a unique competence for both gastruloid formation and

differentiation into PGC-like cells.
DISCUSSION

Pluripotency is assessed by combining molecular, pheno-

typic, and functional analysis. Although the development

of global molecular profiling applications, e.g., transcrip-

tomics, epigenomics, metabolomics, and proteomics, has

provided comprehensive sets of pluripotency state-associ-

ated molecular signatures (Habibi et al., 2013; Pijuan-Sala

et al., 2019), the functional assays used to define the

different pluripotency state-associated phenotypes, and

importantly the developmental fidelity of the cells, require

the use of in vivomodels. Here we propose the GFE assay as
at 96 h. Data are expressed as mean ± SD (n = 3; 60 gastruloids

d with T/BRA, SOX2, SOX17 (red), and CDX2 (green). Nuclei were

astruloids (96 h) showing the SOX17-positive area (yellow arrows)

with SOX17 (red) and SOX2 (green). Nuclei were counterstained with

-derived gastruloids (96 h). Picture enlargement shows a differen-

ith Ki67. Nuclei were counterstained with DAPI (bar, 100 mm).
e indicated time points (bar, 100 mm).
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Figure 6. LIF Dominant Effect on Gastru-
loid Development
(A) Schematic representation of the experi-
mental design (left). ESCs were treated with
FGF/ACTIVIN (F/A) ± LIF for 48 h. Represen-
tative bright-field images (middle) of F/A_2d
± LIF-derived organoids and quantification
(right) of elongated gastruloids (n = 3; 60
gastruloids/condition; *p < 0.01; bar,
100 mm).
(B) Quantitative real-time PCR analysis of
pluripotency and differentiation markers in
2d_F/A ± LIF cells. Data represent fold
change versus 2d_F/A-LIF; data are normal-
ized to Gapdh and are mean ± SD (n = 3; *p <
0.01).
(C) Representative confocal images (top) of
OCT4, NANOG (green), and T/BRA (red)
staining on cytospun EpiLCs ± LIF. Single-
channel images of OCT4 and T/BRA double
staining are shown. Nuclei were counter-
stained with DAPI. Quantification (bottom)
of OCT4- and NANOG-positive cells. Data are
mean ± SD (bar, 50 mm; n = 3; *p < 0.01).
(D) Schematic representation of the experi-
mental design. EpiLC-derived aggregates
were treated ± LIF (0–48 h) (left). Repre-
sentative bright-field images (middle) of
EpiLCs ± LIF-derived organoids, and quanti-
fication (right) of elongated gastruloids.
Data are expressed as mean ± SD (n = 3; 60
gastruloids/condition; *p < 0.01; bar,
100 mm).
a valuable in vitromethod to discriminate different states of

mouse pluripotency between naive and primed.

We have exploited the potential of the GFE assay to eval-

uate the developmental potential of different states of plu-

ripotency. We show that, unlike naive ESCs, F/A-induced

EpiSCs do not generate elongated gastruloids, and we pro-

pose that this is associated with their failure to form proper

cellular aggregates following dissociation. In line with

these findings, Hayashi and co-workers recently showed

that F/A treatment strongly weakens the intrinsic propen-

sity of naive mESCs to aggregate, which eventually leads

to failure of differentiation in PGCLCs (Hayashi et al.,

2011). This is particularly relevant as re-aggregation of

dissociated/singularized cells, i.e., the formation of appro-

priate cell aggregates, is a critical initial event for proper

gastruloid development (Baillie-Johnson et al., 2015;
364 Stem Cell Reports j Vol. 16 j 354–369 j February 9, 2021
Turner et al., 2016, 2017) and, more generally, for the gen-

eration of different kinds of organoids (Takebe et al., 2012,

2015).

For a functional validation of the assay, we have analyzed

the effect of the genetic ablation of the NODAL co-receptor

Cripto (Minchiotti, 2005) on gastruloid formation. We

demonstrate that Cripto is essential for symmetry breaking

(A-P axis formation) in the developing gastruloids, which is

in line with the mutant phenotype of Cripto KO embryos

that are defective in A-P axis formation (Ding et al.,

1998). Interestingly, the addition of either CRIPTO or

ACTIVIN A recombinant proteins restores the polarization

and elongation of the Cripto KO cell aggregates, according

to their ability to rescue the zebrafish oep (one-eyed

pinhead) mutant phenotype (Gritsman et al., 1999). How-

ever, while recombinant soluble CRIPTO protein fully



Figure 7. Primordial Germ Cell-like Cell
(PGCLC) Competence Discriminates
Different Pluripotent States
(A) Schematic representation of the experi-
mental strategy.
(B) Representative bright-field images of 2i +
LIF-, PiC-, and EpiLC-derived aggregates
(96 h) obtained as described in (A) (bar,
100 mm).
(C) Representative confocal images of cyto-
spun cells from 2i + LIF-, PiC-, and EpiLC-
derived aggregates (96 h) double stained
with OCT4 (red) and BLIMP1 (green). Nuclei
were counterstained with DAPI (bar,
100 mm).
(D) Quantitative real-time PCR analysis of
Oct3/4, Blimp1, Prdm14, and Nanos3 gene
expression under the indicated conditions.
Data represent fold change versus day 0; data
are normalized to Gapdh and are mean ± SD
(n = 3; *p < 0.01).
(E) Representative confocal images (left) and
quantification (right) of AP2-g-positive cells
under indicated conditions (right). Nuclei
were counterstained with DAPI. Data are
mean ± SD (n = 3; *p < 0.01) (bar, 100 mm).
rescues the morphological and molecular features of Cripto

KOmutants, ACTIVINA-treatedCriptoKO elongated aggre-

gates are still mostly composed of cells expressing neural

markers. These results indicate that ACTIVIN A cannot

compensate for the lack of Cripto in gastruloid formation

and suggest that CRIPTO controls gastruloid development

through modulation of NODAL signaling (Parisi et al.,

2003), which is in line with recent findings that Nodal is

essential for axial organization and germ-layer specifica-

tion in gastruloids (Turner et al., 2017), as it is in embryos

(Dunn et al., 2004; Turner et al., 2017).

Recent findings reported the generation of gastruloids

from human ESCs (Moris et al., 2020). Like EpiSCs, human

ESCs rely on FGF and ACTIVIN/NODAL signaling, which

may appear to conflict with our results. However, human

ESCs are similar to but not the same as EpiSCs, and there
are also differences in the experimental and culture condi-

tions used to generate human versus mouse gastruloids,

including pre-treatment of hESCs with CHIR prior to cell

aggregation. These features may, at least in part, explain

the apparent discrepancy.

Although the molecular mechanism(s) underlying the

formation of functional cell aggregates is far from fully

elucidated, it is evident that adhesion molecules exert key

roles in this process. For instance, F/A-induced primed cells

preferentially generate flat rather than domed colonies,

thus suggesting that these cells exhibit a higher propensity

to generate cell-substrate rather than cell-cell adhesive in-

teractions. In this respect, it has been reported that forced

expression of the cell-cell adhesion protein E-CADHERIN

improves the chimeric formation ability of EpiSCs (Oht-

suka et al., 2012). Thus, it is reasonable to speculate that
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the poor re-aggregation ability of F/A-induced cells is due,

at least in part, to reduced expression and/or delocalization

of cell-cell adhesion molecules such as E-CADHERIN.

Like EpiSCs, EpiLCs, which represent a transient primed

state, fail to generate elongated gastruloids. However,

EpiLCs maintain the capacity to aggregate, although the

aggregates are less compacted compared with those of

naive ESCs. Interestingly, it has been recently reported

that compaction is required for the intrinsic induction of

TGF-b signaling and chondrogenic differentiation in

mesenchymal stem cell aggregates (Sarem et al., 2019).

Therefore, it is reasonable to assume that a reduced

compactionmight generate abortive cell aggregates by pre-

venting the intrinsic activation of key signaling pathways.

Indeed, gastruloid development strictly relies on the activa-

tion of the WNT and NODAL signaling pathways, whereas

high levels of BMP signaling appear dispensable (Turner

et al., 2017). Because a WNT signaling agonist is exoge-

nously provided during the GFE assay, we suggest that

alteration of NODAL signaling activation could underlie,

at least in part, the undeveloped EpiLC phenotype. In

line with this idea, both Nodal KO (Turner et al., 2017)

and Cripto KO (data herein) cells generate aggregates dis-

playing similar undeveloped phenotypes.

To further investigate the impact of primed pluripotency

on gastruloid formation, we analyzed the GFE of PiCs. PiCs

exhibit molecular, metabolic, and functional features of

early-primed EpiLCs (Casalino et al., 2011; Comes et al.,

2013; D’Aniello et al., 2017b). However, unlike EpiLCs,

PiCs form productive, although smaller, aggregates that

develop into elongated gastruloids, which properly express

the markers of A-P axis formation. We noticed that PiC ag-

gregates start to elongate earlier than controls. The reason

PiC-derived aggregates accelerate symmetry breaking is still

unknown. Of note, PiC culture contains aminor fraction of

late-primed-like cells (D’Aniello et al., 2017b), whichmight

contribute to accelerating gastruloid induction. Interest-

ingly, we also show that PiCs are competent to differentiate

into PGCLCs, which is so far considered a feature of EpiLCs.

All together these findings raise the intriguing question

of why PiCs but not EpiLCs are competent for gastruloid

formation. Like EpiLCs, PiCs strictly depend on activation

and maintenance of endogenous bFGF and TGF-b

signaling (D’Aniello et al., 2017b); however, unlike EpiLCs,

PiCs are also LIF dependent and can be maintained in vitro

(Casalino et al., 2011). We hypothesize that the gastruloid

formation competence of PiCs may rely, at least in part, on

the presence of LIF in the culture medium. Indeed, we find

that LIF supplementation, either in EpiLC culture medium

(F/A + LIF) or in the first 48 h AA window of the gastruloid

assay, results in the formation of cell aggregates able to

develop into elongated gastruloids. Complementary to

these findings, we show that F/A treatment of naive ESCs
366 Stem Cell Reports j Vol. 16 j 354–369 j February 9, 2021
induces a sudden loss of gastruloid formation competence.

Although the underlying mechanism requires further

studies, our findings suggest that LIF exerts a dominant ef-

fect over exogenous F/A to provide gastruloid development

competence. It would be thus interesting to extend the

study to other pluripotent states, as, for instance, the ESC

subpopulation that is responsive to both LIF-STAT3 and

ACTIVIN-SMAD2/3 (Chang and Li, 2013) and the recently

described rosette-stage pluripotency that also relies on LIF

(Neagu et al., 2020).

In conclusion, the gastruloid formation assay is a useful

and reliable method to evaluate the developmental fidelity

of cells. Furthermore, the particular configuration (FACS/

96 well plates) and efficiency/reproducibility of the GFE

assay suggest that it may be suitable for large-scale (high-

throughput) phenotype-based genetic and pharmacolog-

ical screenings for both basic and applied research studies.
EXPERIMENTAL PROCEDURES

ESC Culture Conditions and EpiLC, EpiSC, PiC, and

PGCLC Generation
WTTBV2 (129/SvP), E14Tg2a (E14), R1, andCriptoKOmouse ESCs

(Parisi et al., 2003) were used throughout the study and grown at

high density in FBS/LIF as previously described (Fiorenzano

et al., 2016). 2i medium (N2B27) was supplemented with

PD0325901 (1 mM; Selleckchem), CHIR (3 mM; Selleckchem), and

LIF (1,000 u/mL; ESGRO, Millipore). Recombinant sCRIPTO pro-

tein was used at 10 mg/mL. All cell lines were routinely tested

and confirmed to be free of mycoplasma.

EpiLCs and EpiSCs (p0) were generated from ESCs as described

(D’Aniello et al., 2017b). For feeder-free EpiSC passages, EpiSC col-

onies were mechanically dissociated into small clumps and re-

seeded on FBS-coated plates in complete medium as described

(Greber et al., 2010). PiCs were generated as previously described

(Comes et al., 2013). PGCLC differentiation was performed under

floating conditions as previously described (Hayashi and Saitou,

2013). See Supplemental Experimental Procedures for details.
Gastruloid Formation Assay and Analysis
Gastruloid formation assay was performed as described (Baillie-

Johnson et al., 2015; van den Brink et al., 2014), with some mod-

ifications. Naive and primed PSCs were cultured at low density and

the resulting cell colonies were dissociated with accutase (Sigma-

Aldrich; 13, 5 min at 37�C). Cells were thus FACS sorted (FACS

ARIAIII, BectonDickinson) on the basis of FSC-A and SSC-A param-

eters, excluding cellular debris and dead cells, and seeded inN2B27

at 2.5–4.5 3 102 cells/well (40 mL) in U-shaped ultra-low attach-

ment 96 multiwell plates (Corning Costar) and allowed to aggre-

gate. At 48 h AA, CHIR was added (3 mM) to the culture medium

and maintained for 24 h. From 72 h onward, the medium

(150 mL) was refreshed daily up to 120 h. For treatment at 24 h

AA, 20 mL of medium was carefully removed with a multichannel

pipette and replaced with an equal amount of N2B27 supple-

mented with either sCRIPTO or ACTIVIN A at the indicated



concentration. Gastruloids were collected randomly at different

time points and imaged using either an Evos cell imaging system

or Levenhuk M500 base digital camera for microscopes imaging

system.

Immunofluorescence staining on gastruloids was performed as

previously described (Baillie-Johnson et al., 2015). Primary and

secondary antibodies are listed in Table S2.

For histological analysis, gastruloids were fixed in 2% glutaralde-

hyde/4% paraformaldehyde, post-fixed in osmium tetraoxide, de-

hydrated, and embedded in Epon 812 (Polyscience, Niles, IL, USA).

Five-micrometer sectionswere cut using a LeicaUltracutUCTultra-

microtome (Leica Microsystems) and stained with toluidine blue

(1% in water, 10 min at room temperature). Images were obtained

with an ECLIPSE Ni-E microscope.
RNA Extraction and Quantitative Real-Time PCR
Total RNAs were isolated using either the RNeasy kit or Trizol (In-

vitrogen) and reverse transcribed using a QuantiTect reverse tran-

scription kit (Qiagen). Quantitative real-time PCR was performed

using the SYBR green PCR master mix (FluoCycle II SYBR, Euro-

Clone). Primers are listed in Table S1.
Statistical Analysis
The number of independent experiments is reported as ‘‘n’’ in the

caption of each figure and the total sample size is indicated.

Statistical significancewas determined by a two-tailed paired Stu-

dent’s t test. p values of %0.01 were considered statistically signif-

icant. Results are presented as the mean ± SD or as a boxplot/dot

plot displaying minimum, first quartile, median, third quartile,

and maximum. Boxplot/dot plots were generated using RStudio

software (https://www.rstudio.com/).
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