
Stem Cell Reports

Article
Embryo size regulates the timing and mechanism of pluripotent tissue
morphogenesis

Lorenzo C. Orietti,1,2,8 Viviane Souza Rosa,1,3,8 Francesco Antonica,1,6 Christos Kyprianou,1

William Mansfield,4 Henrique Marques-Souza,3 Marta N. Shahbazi,1,7,* and Magdalena Zernicka-Goetz1,2,5,*
1Mammalian Embryo and Stem Cell Group, University of Cambridge, Department of Physiology, Development and Neuroscience, Downing Street,

Cambridge CB2 3DY, UK
2Centre for Trophoblast Research, University of Cambridge, Cambridge, UK
3Department of Biochemistry and Tissue Biology, State University of Campinas, CP 6109, 13083-970 Campinas, SP, Brazil
4Wellcome – MRC Cambridge Stem Cell Institute, Jeffrey Cheah Biomedical Centre Cambridge Biomedical Campus, Puddicombe Way, Cambridge CB2

0AW, UK
5California Institute of Technology (Caltech), Division of Biology and Biological Engineering, Pasadena, CA 91125, USA
6Present address: Armenise-Harvard Laboratory of Brain Disorders and Cancer, Department of Cellular, Computational and Integrative Biology CIBIO,

University of Trento, Via Sommarive 9, 38123 Trento, Italy
7Present address: MRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge Biomedical Campus, Cambridge CB2 0QH, UK
8These authors contributed equally

*Correspondence: mshahbazi@mrc-lmb.cam.ac.uk (M.N.S.), mz205@cam.ac.uk (M.Z.-G.)

https://doi.org/10.1016/j.stemcr.2020.09.004
SUMMARY
Mammalian embryogenesis is a paradigm of regulative development as mouse embryos show plasticity in the regulation of cell fate, cell

number, and tissue morphogenesis. However, the mechanisms behind embryo plasticity remain largely unknown. Here, we determine

howmouse embryos respond to an increase in cell numbers to regulate the timing andmechanismof embryonicmorphogenesis, leading

to the formation of the pro-amniotic cavity. Using embryos and embryonic stem cell aggregates of different size, we show that while pro-

amniotic cavity formation in normal-sized embryos is achieved through basement membrane-induced polarization and exocytosis,

cavity formation of increased-size embryos is delayed and achieved through apoptosis of cells that lack contact with the basementmem-

brane. Importantly, blocking apoptosis, both genetically and pharmacologically, alters pro-amniotic cavity formation but does not affect

size regulation in enlarged embryos. We conclude that the regulation of embryonic size and morphogenesis, albeit concomitant, have

distinct molecular underpinnings.
INTRODUCTION

Early mammalian development is regulative, as embryos

are able to compensate for perturbations to the normal

developmental program to ensure the formation of a viable

organism (Lawrence and Levine, 2006; Tarkowski and

Wroblewska, 1967). When, for example, two embryos are

aggregated together to generate double-sized embryos,

they produce pups of normal size (Mintz, 1965; Tarkowski,

1961), albeit at lower efficiency. This result means that em-

bryos can sense deviations from the normal number of cells

and regulate their size accordingly. It has been shown that

such regulation of embryo size occurs after implantation

and before gastrulation through the lengthening of the

cell cycle (Buehr and Mclaren, 1974; Lewis and Rossant,

1982). However, how an increased number of cells affects

the mechanism of embryonic morphogenesis and its

timing remains unknown.

At implantation, mouse and human embryos comprise

three cell lineages: embryonic epiblast that will give rise

to the future organism; extra-embryonic primitive endo-

derm that will give rise to the yolk sac; and trophectoderm

that will build the placenta. After embryo implantation,

these three lineages interact to undertake the first morpho-
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genetic step, remodeling of the epiblast from a group of

apolar cells to a polarized epithelium that lines the incip-

ient pro-amniotic cavity (Bedzhov and Zernicka-Goetz,

2014). This is an essential event for the establishment of

the body plan and it becomes accomplished by embryonic

day 5.0 (E5.0) (Shahbazi and Zernicka-Goetz, 2018; Sheng,

2015).

Studies using embryoid bodies derived from embryonic

stem cells (ESCs) as a model for pro-amniotic cavity forma-

tion suggested that formation of the lumen entails death of

the cells located in the center of the tissue by apoptosis

(Coucouvanis and Martin, 1995). However, direct observa-

tions ofmouse andhumanembryos developingboth in vivo

and in vitro revealed that pro-amniotic cavity formation

does not require cell death but takes place through cell po-

larization, apical membrane repulsion, and exocytosis

(Bedzhov and Zernicka-Goetz, 2014; Shahbazi et al.,

2016), a process known as hollowing (Datta et al., 2011).

During hollowing, embryonic cells establish apicobasal po-

larity in response to the surrounding basement membrane

produced by the primitive endoderm. The resulting rosette

of polarized cells undergoes lumenogenesis, which is regu-

lated by the pluripotency network (Bedzhov and Zernicka-

Goetz, 2014; Neagu et al., 2020; Shahbazi et al., 2017).
uthors.
ns.org/licenses/by/4.0/).
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The mechanism underpinning lumen formation was

confirmed in vitro by embedding a small number of ESCs

into Matrigel as an exogenous source of basement mem-

brane to induce polarization and lumenogenesis (Bedzhov

and Zernicka-Goetz, 2014). This experiment raises the

follow-up question of whether cell numbers regulate the

timing and mechanism of embryo morphogenesis.

Here, we address this question by generating double-

sized embryos and ESC aggregates of different sizes as two

complementary model systems. To our knowledge, our

results provide the first evidence for a size-dependent

mechanism of pro-amniotic cavity formation in themouse

embryo, in agreement with the regulative nature of

mammalian development.
RESULTS

Double Embryos Display Greater Apoptosis and

Delayed Pro-amniotic Cavity Formation

It is well known that when two pre-implantation embryos

are aggregated, they develop into double-sized blastocysts.

Subsequent cell-cycle lengthening during early post-im-

plantation development leads to normal-sized gastrulae

(Buehr andMclaren, 1974; Lewis and Rossant, 1982). How-

ever, whether embryo size regulates the timing and mech-

anism of embryo morphogenesis remains unknown. To

address this question, we aggregated two pre-compacted

8-cell stage embryos together to form so-called double em-

bryos and followed their subsequent development in vitro
Figure 1. Double Embryos Display a Higher Apoptotic Rate and D
(A–Q) Representative images of single and double embryos at stages
embryos at stages II (B), III (E), and IV (H). Percentages of single an
(gray) at stages II (C), III (F), and IV (I). Epiblast (Epi), visceral endod
and double embryos at stage IV (J). Representative images of single
single and double embryos between stage II and E6.5 (L). Apoptotic in
III (N), and IV (O). Orthogonal views of the double embryo shown in (
during stages II–IV (Q).
(R) Analysis of pro-amniotic cavity formation using time of recovery a
the positive plug was found. Percentages of single and double embry
(S) Epiblast cell counts of single and double embryos using time of reco
after the positive plug was found.
(T) Apoptotic index in the epiblast of single and double embryos usin
a.m. 5.5 days after the positive plug was found.
(U) Correlation between total number of OCT4-positive cells (Epiblast
PASE-3 (Casp3) in single and double embryos between stages II and
In (B) to (I) and (M) to (O), total single embryos n = 16, double embryo
III, single embryos n = 9, double embryos n = 5; stage IV, single embry
E6.5 single embryos n = 4, double embryos n = 3; one independent ex
statistical analyses: Student’s t test. **p < 0.01, *p < 0.05; ns, not sig
0.05; ns, not significant. In (U), Pearson linear correlation. Bar chart
indicate multi-lumens in (A). Arrowheads indicate cleaved CASPASE-
amniotic cavity. Scale bars, 50 mm.
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and in vivo. We first confirmed that at the blastocyst stage,

double embryos displayed twice the normal number of

cells in all three lineages: the epiblast, the primitive endo-

derm, and trophectoderm (Figures S1A and S1B). To follow

embryonic development in vivo, we transferred double and

control (single) blastocysts into pseudo-pregnant recipi-

ents and recovered them at early post-implantation stages.

To account for the asynchronywithin each litter and across

different experiments, we scored embryos according to

their morphological features (Christodoulou et al., 2018).

At approximately E5.25 (stage II) (Christodoulou et al.,

2018), the epiblast of single embryos comprised polarized

cells surrounding an incipient luminal cavity (Figures 1A

and 1C). In contrast, the epiblast of double embryos had

twice the normal number of cells, which were organized

in multiple layers and displayed multiple incipient lumens

(Figures 1A–1C), indicating that embryonic size was not yet

regulated and the pro-amniotic cavity was not yet formed.

By E5.5 (stage III) all single embryos had opened a central

lumen (Figure 1D, dotted line), while 20% of double em-

bryos still displayed a multi-lumen phenotype (Figures 1F

and S1C). At this stage, single and double embryos had

similar cell numbers in the epiblast (Figure 1E), demon-

strating that size regulation was completed by E5.5, in

agreement with previous results showing that size reduc-

tion is achieved before gastrulation (Buehr and Mclaren,

1974; Lewis and Rossant, 1982). By E5.75 (stage IV), single

and double embryos displayed a cup-shaped epiblast with

a single expanded cavity extending toward the

extra-embryonic ectoderm compartment (Figures 1G–1I).
elayed Lumenogenesis Compared with Single Embryos
II (A), III (D), and IV (G). Epiblast cell counts of single and double
d double embryos showing a single lumen (blue) or multiple lumen
erm (VE), and extra-embryonic ectoderm (Exe) cell counts in single
and double embryos recovered at E6.5 (K). Epiblast cell counts in
dexes in the epiblast of single and double embryos at stages II (M),
A) (P). Summary of apoptotic indexes in single and double embryos

s staging criteria. Embryos were recovered at 10 a.m. 5.5 days after
os with a single lumen (blue) or multiple lumen (gray) are shown.
very as staging criteria. Embryos were recovered at 10 a.m. 5.5 days

g time of recovery as staging criteria. Embryos were recovered at 10

cell count) and number of epiblast cells positive for cleaved CAS-
IV.
s n = 21; stage II, single embryos n = 3, double embryos n = 6; stage
os n = 4, double embryos n = 10; seven independent experiments. At
periment. In (B), (E), (H), (J), (L), (M), (N), (O), (Q), (S), and (T),
nificant. In (C), (F), (I), and (R), statistical analyses: c2 test. *p <
s display mean ± SD. Squares denote magnified regions and arrows
3 (CASP3)-positive cells in the epiblast, dotted lines indicate pro-



We found no morphological differences between single

and double embryos and a similar number of cells in

both embryonic and extra-embryonic tissues (Figures 1H

and 1J), indicating that by this stage size regulation and

pro-amniotic cavity formation had both been attained.

We obtained similar findings upon embryo recovery at

E6.5 (Figures 1K–1L). These results indicate that pro-amni-

otic cavity formation is delayed in double embryos and

happens concomitantly with size regulation (between

E5.25 and E5.5; stages II and III).

Since it has been shown that increasing the density of

Madin-Darby canine kidney (MDCK) cells results in cysts

that open a lumen through apoptosis rather than cell polar-

ization (Martin-Belmonte et al., 2008), we hypothesized

that increasing the number of epiblast cells might also

lead to an increase in the rate of apoptosis. To address

this possibility, we stained double and single embryos for

the apoptotic marker cleaved CASPASE-3 (Banfalvi, 2017;

Slee et al., 1999). We found that whereas single embryos

lacked apoptotic cells at E5.25, in agreement with previous

reports (Bedzhov and Zernicka-Goetz, 2014), approxi-

mately 5% of cells were apoptotic at that time in double

embryos (Figure 1M). Interestingly, activation of the

apoptotic pathway was restricted to those inner cells,

which were not in contact with the underlying basement

membrane (Figures 1A and 1P [arrowheads]). At subse-

quent stages, we did not observe significant differences in

the apoptotic index between single and double embryos

(Figures 1N, 1O, and 1Q). These results indicate that there

is a specific increase in apoptosis in double embryos prior to

pro-amniotic cavity formation.

As an alternative to using morphological stages, we also

analyzed our data with respect to time of embryo recovery,

as previously reported (Lewis and Rossant, 1982, Buehr and

Mclaren, 1974). These analyses confirmed themulti-lumen

phenotype, the delay in pro-amniotic cavity formation,

and the increase in the number of apoptotic cells in double

embryos in comparison with single embryos (Figures 1R–

1T). Moreover, we found a strong positive correlation be-

tween the total number of epiblast cells (expressing plurip-

otency marker OCT4+) and the number of epiblast cells

positive for cleaved CASPASE-3 (Figure 1U). These results

suggest that the extent of apoptosis in the epiblast of early

post-implantation embryos depends on the epiblast size.

To better understand the relation between polarization,

lumenogenesis, and apoptosis in double embryos, we

next used isolated inner cellmasses (ICMs). These comprise

both epiblast and primitive endoderm, and recapitulate the

mechanism of amniotic cavity formation in the absence of

trophectoderm derivatives: primitive endoderm cells

secrete laminin, which triggers epiblast polarization and lu-

menogenesis (Bedzhov and Zernicka-Goetz, 2014; Li et al.,

2003). To isolate ICMs, we subjected embryos at the blasto-
cyst stage to immunosurgery, which eliminated the outer

trophectoderm layer (Solter and Knowles, 1975), and

cultured the isolated ICMs through the pre-to post-implan-

tation transition in hanging drops (Figure 2A). After 24 h

we observed that epiblast cells in single ICMs established

apicobasal polarity and were organized into rosette-like

structures, although the majority had not initiated lume-

nogenesis (Figures 2B and 2D). In contrast, cultured double

ICMs showed twice asmany cells in the epiblast, whichwas

multi-layered and disorganized (Figures 2B and 2C). More-

over, while single ICMs showedno apoptosis, the apoptotic

index of double ICMs was significantly higher (Figures 2B

and 2E [arrowheads]). We also found that outer epiblast

cells in contact with the basement membrane showed po-

larization, as assessed by the positioning of the Golgi iden-

tified through subunit GM130 staining, and displayed a

columnar morphology, in contrast to inner cells (Figures

2F–2H). The numbers of inner cells positively correlated

with the total number of epiblast cells (Figures 2I–2K), indi-

cating that the presence of inner cells is likely a conse-

quence of the increased cell numbers. By 48 h, both control

and double ICMs had initiated lumenogenesis (Figures 2L

and 2N). At this stage, the epiblast size and the incidence

of apoptosis were still significantly higher in double ICMs

(Figures 2M and 2O). By 72 h, the number of epiblast cells

in single and double ICMs was not significantly different

(Figures 2P and 2Q). These results indicate that size regula-

tion of the epiblast can take place in vitro in the absence of

trophectoderm cells. At this stage, both single and double

ICMs presented a single lumen containing apoptotic cells

(Figures 2R and 2S), in agreement with our results in intact

embryos. In conclusion, using a combination of in vivo and

in vitro approaches, our results indicate that increasing em-

bryo size leads to the formation of a multi-layered and

multi-lumen epiblast and a delay in pro-amniotic cavity

formation, which is associated with apoptosis of inner

epiblast cells that lack contact with the basement

membrane.

Lumen Formation inDouble EmbryosCanBeModeled

with ESCs

To gain further insight into the relationship between cell

numbers and themechanism of lumenogenesis, we sought

to use three-dimensional (3D) aggregates of mouse ESCs as

a model of epiblast of varying size. We previously showed

that upon exit from naive pluripotency, single ESCs

embedded in Matrigel are able to polarize and open a

lumen through membrane repulsion, a process that

recapitulates lumenogenesis in vivo (Bedzhov and Zer-

nicka-Goetz, 2014; Shahbazi et al., 2017). To mimic the

double-sized epiblast, we increased the number of cells

and seeded different amounts of ESCs onto non-adherent

dishes in naive pluripotent conditions, which allowed cells
Stem Cell Reports j Vol. 16 j 1182–1196 j May 11, 2021 1185
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to form aggregates of different sizes while maintaining

their naive pluripotent state.

After 24 h we collected the aggregates of different sizes,

classified them into small, medium, and large based on

their size (Figures S1D–S1K), and plated them into a 3DMa-

trigel culture in the absence of naive pluripotency factors

(Figure 3A). Throughout the following 96 h, we scored

the presence or absence of lumens (based on the staining

of the luminal protein PODOCALYXIN and F-ACTIN) and

the incidence of apoptosis. We found that after 24 h, small

aggregates displayed one layer of cells in direct contact with

the basement membrane, apical constriction, and accumu-

lation of F-ACTIN and PODOCALYXIN (Figure 3B, left

panel). In contrast, medium and large aggregates exhibited

multiple cell layers showing scattered foci enriched in

F-ACTIN and PODOCALYXIN (Figure 3B, middle and right

panels). At this stage, only a few small- and medium-sized

aggregates had already formed a cavity, while we did not

observe a clear lumen in the majority of structures (Fig-

ure 3D). We did not detect apoptosis irrespective of aggre-

gate size (Figure 3C), suggesting that activation of the

apoptotic pathway does not take place immediately after

naive pluripotency exit. In support of this result, we

observed that the incidence of apoptosis was very low in

mouse ESC aggregates cultured in 3D under naive pluripo-

tent conditions (Figures S2A–S2F). Preserving the naive

state also abolished lumen formation (Figures S2G and

S2H), as previously described (Shahbazi et al., 2017).

After 48 h in culture, nearly 90% of structures formed

from small ESC aggregates showed a single cavity (Figures

3E and 3G) and were devoid of dead cells (Figure 3F), in

agreement with our previous work showing that single

ESCs cultured in Matrigel undergo lumenogenesis via hol-

lowing (Bedzhov and Zernicka-Goetz, 2014). By contrast,

the vast majority of large structures contained at least one
Figure 2. Absence of Trophectoderm Cells Does Not Prevent Size
(A) Schematic representation of experimental setup for in vitro cultu
(B–S) Representative images of single and double ICMs cultured in vitr
and double ICMs cultured in vitro for 24 (C), 48 (M), and 72 (Q) h. Perc
lumen (blue) or multiple/no single lumen (gray) at 24 (D), 48 (N), and
cultured in vitro for 24 h (E) and percentages of in vitro cultured single
cells at 48 h (O) and 72 h (S). Single and double ICMs cultured in
Representative image of an in vitro cultured double ICM for 24 h stai
aspect ratio in outer and inner epiblast cells of in vitro cultured doub
ICMs cultured in vitro (I). Correlation between inner and total number o
24 h.
In (C) to (E) and (I) to (K), single ICMs n = 16, double ICMs n = 15. In
ICMs n = 19, double ICMs n = 10. Two independent experiments. In (H)
statistical analyses: Student’s t test. ****p < 0.0001, **p < 0.01; ns
**p < 0.01. In (D), (N), (O), (R), and (S), statistical analysis: c2 test. *
linear correlation. Bar charts display mean ± SD. Squares denote mag
indicate cleaved CASPASE-3 (CASP3)-positive cells in the epiblast, dot
in double ICMs. Scale bars, 50 mm.
apoptotic cell (Figures 3E [arrowheads] and 3F) and dis-

played mostly multiple lumens (Figure 3G). Staining of

the Golgi subunit GM130 and assessment of the cell aspect

ratio inmulti-layered aggregates confirmed that the outside

cells in contact with the basement membrane established

apicobasal polarity, indicating that multiple lumen forma-

tion relies on polarization and hollowing (Figures S1L–

S1N).

By 72 h, we detected a further increase in apoptosis in

medium and large structures, which was accompanied by

the emergence of single lumens in these groups (Figures

3H–3J). We also observed a modest increase in apoptosis

in the small aggregate group at this time, which may be

attributable to cells becoming confluent during prolonged

in vitro culture, as their size plateaued after 3 days (data not

shown). By 96 h, all aggregates displayed single lumens ir-

respective of their size (Figures 3K and 3M), and higher

levels of apoptosis were detected in the structures derived

from medium and large aggregates (Figure 3L). To test

whether the activation of apoptosis was due to lack of inter-

actions with the basement membrane, we cultured ESC ag-

gregates in agarose, in either the presence or absence of

naive pluripotency factors. Under these conditions lumens

did not form, and we observed widespread activation of

CASPASE-3 only in the absence of naive pluripotency fac-

tors (Figure S3A–S3E). These results indicate that lack of

basement membrane contact triggers cell death in ESC ag-

gregates upon naive pluripotency exit.

To further validate these results, wemanually picked ESC

aggregates of a defined size (two, four, or eight cells) and al-

lowed them to develop in 3D Matrigel. We first confirmed

that the difference in size was still maintained after 48

and 72 h of culture (Figures S1O and S1P), then assessed

the levels of apoptosis and the formation of the lumen.

We found that 8-cell aggregates had a higher incidence of
Regulation and Lumenogenesis of the Epiblast In Vitro
re of ICMs.
o (IVC) for 24 (B), 48 (L), and 72 (P) h. Epiblast cell counts of single
entages of in vitro cultured single and double ICMs showing a single
72 (R) h. Apoptotic indexes in the epiblast of single and double ICMs
and double ICMs showing no apoptosis or more than three apoptotic
vitro stained for OCT4 and for the apical Golgi marker GM130 (F).
ned for the basement membrane component COLLAGEN IV (G). Cell
le ICMs (H). Proportion of outer epiblast cells in single and double
f epiblast cells in single (J) and double (K) ICMs cultured in vitro for

(M) to (O), single ICMs n = 9, double ICMs n = 9. In (Q) to (S), single
, outer cells n = 38, inner cells n = 17. In (C), (H), (I), (M), and (Q),
, not significant. In (E), statistical analysis: Mann-Whitney U test.
***p < 0.0001, *p < 0.05; ns, not significant. In (J) and (K), Pearson
nified regions and arrows indicate GM130 localization. Arrowheads
ted lines indicate pro-amniotic cavity, asterisks indicate inner cells
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apoptosis (Figures 3N [arrowheads], 3O, 3Q [arrowheads],

and 3R) and approximately half of them displayed a

multi-lumen phenotype 48 h after cell seeding (Figure 3P).

Importantly, multi-lumen aggregates had on average

significantlymore cells than aggregates with a single lumen

(Figure S1Q), indicating that the mechanism of lumen for-

mation is density dependent. By 72 h, all aggregates, irre-

spective of their initial size, displayed a single lumen (Fig-

ure 3S), in agreement with our results above (Figure 3M).

To identify the dynamics of lumen formation, we imaged

this process following induction of the expression of a GFP-

tagged PODOCALYXIN (GFP-PODXL). To monitor cell

death in living samples, we added SYTOX to the medium

(Roth et al., 1997). The analysis of our time-lapse movies

confirmed that in large aggregates, the accumulation of

PODOCALYXIN and multiple lumen formation initiated

after 24 h in culture. However, opening of a single cavity

was only achieved upon the death of inside cells, which

took place between 72 and 96 h in culture (Figures S3F–

S3H and Videos S1, S2, and S3). Taken together, these

results suggest that in medium and large aggregates, small

lumens initially emerge via hollowing, but their fusion

into a single cavity relies on cell death.

Inhibition of Apoptosis Prevents Single Lumen

Formation in Large ESC Aggregates

Since our results suggested that apoptosis might be

involved in fusion of smaller cavities into a unified lumen,

we next sought to test whether inhibiting the apoptotic

pathway would affect the ability of large aggregates to

form single lumens. With this aim, we used the pan-cas-

pase inhibitor Z-VAD-FMK and cultured ESC aggregates of

varied sizes in 3D as previously. We found that following

Z-VAD-FMK treatment, small, medium, and large ESC ag-

gregates showed fewer dead cells comparedwith control ag-

gregates, even though apoptosis was not fully inhibited

(Figure S4A–S4D). In agreement with this, we observed a
Figure 3. Cell Density Determines the Dynamics of Lumen Forma
(A) Schematic representation of experimental procedure for the gene
(B–S) Representative images of small, medium, and large mouse ESC
naive pluripotency factors. Percentage of mouse ESC aggregates with
than 3 apoptotic cells (red) in the lumen at 24 (C), 48 (F), 72 (I), an
showing no lumen (gray), single lumen (blue), or multiple lumens (y
by PODOCALYXIN (PODXL). At 24 h, small aggregates n = 45, medium a
n = 51, medium aggregates n = 53, large aggregates n = 51. At 72 h, sm
n = 45. At 96 h, small aggregates n = 47, medium aggregates n = 50
sentative images of 2-, 4-, and 8-cell aggregates at 48 (N) and 72
apoptotic cells (light gray), 1–2 apoptotic cells (green), or more th
Percentage of mouse ESC aggregates showing single lumens (blue) or
aggregates n = 28, 4-cell aggregates n = 22, 8-cell aggregates n = 20
aggregates n = 30. Two independent experiments. Statistical analyses
cleaved CASPASE-3 (CASP3)-positive cells, dotted lines indicate lume
delay in single lumen formation in large aggregates,

although lumenogenesis was achieved by 96 h of culture

(Figures S4E and S4F).

Because Z-VAD-FMK treatment was not sufficient to

completely block apoptosis, we next prevented cell death

by overexpressing the pro-survival gene Bcl-2, which sup-

presses apoptosis without affecting the ability of ESCs to

self-renew or to differentiate (Yamane et al., 2005) (Fig-

ure S4G).We generated aggregates of BCL-2 overexpressing

ESCs, classified them into different groups according to

their size (Figures S4H–S4M), and evaluated their develop-

ment over 96 h. Under these conditions apoptosis was dras-

tically reduced, even though a proportion of aggregates had

few cleaved CASPASE-3-positive cells (Figures 4B, 4E, and

4H).We observed that inhibition of apoptosis had no effect

at 24 h (data not shown), consistent with our inability to

detect apoptosis in wild-type ESC aggregates during the

first day in culture (Figure 3C). By 48 h, small aggregates

were unaffected by suppression of apoptosis and under-

went lumenogenesis via hollowing (Figures 4A [left panel]

and 4C). Large aggregates were also unaffected and pre-

served their typical multi-lumen morphology (Figures 4A

[middle and right panels] and 4C), similar to apoptosis-pro-

ficient cells. This finding strengthens the notion that

multiple lumen formation in medium and large aggregates

results from hollowing and is independent of apoptosis.

However, at later time points, single lumen formation

was almost completely abolished by the suppression of

apoptosis in large aggregates (Figures 4F–4I). In particular,

over 60% and 90% of medium and large aggregates, respec-

tively, never achieved single lumen formation, whereas

small aggregates underwent lumenogenesis with an effi-

ciency similar to that of control cells (Figure 4I). Together,

our results demonstrate that multiple small lumens are

formed independently of apoptosis in large ESC aggregates

but that cell death is required for their fusion into a unified

single cavity.
tion in Mouse ESCs
ration and culture of mouse ESC aggregates.
aggregates at 24 (B), 48 (E), 72 (H), and 96 (K) h after removal of
no apoptotic cells (light gray), 1–2 apoptotic cells (green), or more
d 96 (L) h. Percentage of mouse ESC aggregates of different sizes
ellow) at 24 (D), 48 (G), 72 (J), and 96 (M) h. Lumens are marked
ggregates n = 44, large aggregates n = 44. At 48 h, small aggregates
all aggregates n = 45, medium aggregates n = 47, large aggregates
, large aggregates n = 47. Three independent experiments. Repre-
(Q) h after plating. Percentage of mouse ESC aggregates with no
an 3 apoptotic cells (red) in the lumen at 48 h (O) and 72 h (R).
multiple lumens (yellow) at 48 h (P) and 72 h (S). At 48 h, 2-cell
. At 72 h, 2-cell aggregates n = 21, 4-cell aggregates n = 18, 8-cell
: c2 test. ****p < 0.0001; ns, not significant. Arrowheads indicate
ns. S, small; M, medium; L, large. Scale bars, 50 mm.

Stem Cell Reports j Vol. 16 j 1182–1196 j May 11, 2021 1189



%
 o

f s
tru

ct
ur

es

S M

%
 o

f s
tru

ct
ur

es

S M L

%
 o

f s
tru

ct
ur

es

S M

%
 o

f s
tru

ct
ur

es

S M L

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

%
 o

f s
tru

ct
ur

es

S M

%
 o

f s
tru

ct
ur

es

S M L

******

********

*******

48hrs
Small Medium Large

Single Lumen
Multiple Lumen
No Lumen

>3 apoptotic cells
1 - 2 apoptotic cells
No apoptosis

APOPTOSIS LUMEN

L

L

L

72hrs

96hrs

F-ACTIN/CASP3/PODXL/DAPI

A B C

G

D E F

H I

Figure 4. Inhibition of Apoptosis Prevents Single Lumen Formation in Large Mouse ESC Aggregates
Representative images of apoptosis-deficient BCL-2 overexpressing mouse ESC aggregates at 48 (A), 72 (D), and 96 (G) h after removal of
naive pluripotency factors. Percentage of mouse ESC aggregates with no apoptotic cells (light gray), 1–2 apoptotic cells (green), or more
than 3 apoptotic cells (red) in the lumen at 48 (B), 72 (E) and 96 (H) h. Percentage of mouse ESC aggregates of different sizes showing no
lumen (gray), single lumens (blue), or multiple lumens (yellow) at 48 (C), 72 (F), and 96 (I) h. Lumens are marked by PODOCALYXIN
(Podxl). At 48 h, small aggregates n = 45, medium aggregates n = 46, large aggregates n = 44. At 72 h, small aggregates n = 38, medium
aggregates n = 40, large aggregates n = 38. At 96 h, small aggregates n = 32, medium aggregates n = 32, large aggregates n = 32. Three
independent experiments. Statistical analyses: c2 test. ****p < 0.0001, ***p < 0.001, **p < 0.01. Arrowheads indicate cleaved CASPASE-3
(CASP3)-positive cells, dotted lines indicate lumens. S, small; M, medium; L, large. Scale bars, 50 mm.
Inhibition of Apoptosis Does Not Prevent Size

Regulation but Inhibits Pro-amniotic Cavity

Formation in Double Embryos In Vivo

We next wished to gain functional evidence of the role of

apoptosis in the processes of size regulation and pro-amni-

otic cavity formation in vivo. To this end, we aggregated

BCL-2-overexpressing cells labeled with H2B-GFP (H2B-

GFP BCL-2 OE) with pre-implantation mouse embryos.

To test the effect of apoptosis in enlarged embryos, we first

generated both single and double embryos at the 8-cell

stage, as previously, then aggregated them with either 3–4

or 8–10 H2B-GFP BCL-2 OE ECSs, respectively (Figure 5A).

We found that at the blastocyst stage, double chimeric em-

bryos showed an increased epiblast size when compared
1190 Stem Cell Reports j Vol. 16 j 1182–1196 j May 11, 2021
with single embryos (Figures 5B–5D). We transferred these

single and double chimeric embryos to pseudo-pregnant

mothers and recovered them at E5.5. We found that 3 of

12 single embryos and 2 of 17 double embryos were disor-

ganized with gross morphological abnormalities and were

therefore excluded from the analysis. In addition, 1 of 12

single embryos and 3 of 17 double embryos showed a low

degree of chimerism in the epiblast (i.e., less than 40%)

and were also excluded (Table S1). The remaining single

and double embryos had high epiblast chimerism (Fig-

ure 5F) and double embryos were approximately 1.5 times

bigger, suggesting that size regulation was not yet

completed (Figure 5G). At this stage, the vast majority of

double embryos (83%, n = 12) presented a multi-layered
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epiblast that did not form a single lumen (Figures 5E and

5H). In contrast, suppression of apoptosis did not impair

epiblast epithelialization or lumen formation in single em-

bryos (63%, n = 8) (Figures 5E and 5H; Table S1). These re-

sults indicate that apoptosis is required for single lumen

formation in double but not normal-sized embryos.

It has been reported that regulation of embryo size is

achieved by cell-cycle lengthening rather than apoptosis

(BuehrandMclaren,1974;LewisandRossant,1982).To func-

tionally validate the effects of apoptosis inhibition on size

regulation, we repeated the chimera experiment, as above,

but recovered embryos at E6.5. In this case, 1 of 8 single em-

bryos and 1 of 14 double embryos presented gross morpho-

logical abnormalities and therefore were excluded from the

analysis (Table S2). In addition, 2 of 14 double embryos

were also excluded as they were developmentally advanced

(i.e., gastrulating). Evaluation of cell numbers and epiblast

morphology revealed that in double embryos apoptosis-defi-

cient epiblasts underwent size regulation but presented de-

fects in pro-amniotic cavity formation, such as multi-lumen

formation, specifically in double embryos (Figures 5I–5K

and Table S2). Taken together, our findings demonstrate

that cell death plays a marginal role in embryo downsizing

but is essential for correct epiblast morphogenesis when the

number of cells in the embryo is increased. We conclude,

therefore, that size regulation and epiblast morphogenesis,

albeit concomitant, have distinct molecular underpinnings.
DISCUSSION

Early mammalian embryos show remarkable plasticity—in

other words, they are able to respond to external perturba-
Figure 5. Inhibition of Apoptosis Prevents Lumenogenesis in Do
(A) Schematic representation of the experimental procedure for the ag
(B) Representative images of single and double embryos after aggreg
stage.
(C) Cell counts of H2B-GFP BCL-2 O.E. cells at the blastocyst stage.
(D) Contribution of H2B-GFP BCL-2 O.E. cells to the epiblast at the b
(E) Representative images of single and double embryos with apopto
(F) Contribution of H2B-GFP BCL-2 O.E mouse ESCs to the epiblast of
(G) Epiblast cell counts (OCT4-positive cells) at E5.5 in single and do
(H) Percentage of single and double embryos with apoptosis-deficien
lumens (blue) at E5.5.
(I) Representative images of single embryos and double embryos wit
(J) Contribution of H2B-GFP BCL-2 O.E ESCs to the epiblast of single
(K) Epiblast cell counts (OCT4-positive cells) at E6.5 of single and do
(L) Working model describing the morphological events in double em
In (C), single embryos n = 14, double embryos n = 10. In D, single emb
E5.5, single embryos n = 8, double embryos n = 12. Four independent
Two independent experiments. In (C), (D), (F), (G), (J), and (K), stati
significant. In (H), statistical analyses: c2 test. *p < 0.05. Bar charts
magnified regions. Arrowheads indicate cleaved CASPASE-3 (CASP3)-
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tions by altering the normal mechanisms of development

and therefore ensuring developmental progression. Para-

digmatic examples of this plasticity are the ability of cells

to acquire different fates following splitting of the embryo

into smaller parts, and the regulation of embryo size that

takes place whenmultiple embryos are aggregated together

(Rands, 1986a; Power and Tam, 1993, Buehr and Mclaren,

1974). In agreement with previous reports (Lewis and Ros-

sant, 1982; Saiz et al., 2016), our data show that regulation

of embryo size takes place only when an embryo starts to

grow after implantation and can sense alterations in cell

numbers. It has been shown that the regulation of embryo

size happens through the modulation of the cell-cycle ma-

chinery (Buehr and Mclaren, 1974; Lewis and Rossant,

1982). However, whether, and if so how, embryo size affects

the timing and mechanisms of morphogenesis remains

unknown.

To address this question, we have used double-sized

mouse embryos as a model system and focused on the

morphogenesis of the epiblast during the first days of

post-implantation development. Applying confocal micro-

scopy and different criteria to stage embryo morphogen-

esis, we have demonstrated that pro-amniotic cavity for-

mation is delayed in double embryos compared with

controls. Previous studies analyzed bright-field images of

in vivo developing single and double embryos. However,

while some suggested that pro-amniotic cavity formation

precedes size regulation (Lewis and Rossant, 1982), others

proposed that size regulation takes place before pro-amnio-

tic cavity formation (Buehr and Mclaren, 1974). Our find-

ings resolve this discrepancy and demonstrate that size

regulation in enlarged embryos and epiblast morphogen-

esis happen concomitantly. We conclude, therefore, that
uble Embryos In Vivo
gregation of embryo with H2B-GFP BCL-2 O.E. mouse ESCs (green).
ation of H2B-GFP BCL-2 O.E. ESCs cultured in vitro to the blastocyst

lastocyst stage.
sis-deficient epiblast at E5.5.
single and double embryos at E5.5.
uble embryos upon aggregation of H2B-GFP BCL-2 O.E. cells.
t epiblast showing disorganized/multiple lumens (gray) or single

h apoptosis-deficient epiblast at E6.5.
and double embryos at E6.5.
uble embryos upon aggregation of H2B-GFP BCL-2 O.E. cells.
bryo early post-implantation development.
ryos n = 4, double embryos n = 4. Two independent experiments. At
experiments. At E6.5, single embryos n = 7, double embryos n = 11.
stical analyses: Student’s t test. ****p < 0.0001, *p < 0.05; ns, not
display mean ± SD. Dotted lines indicate lumens and squares mark
positive cells in the pro-amniotic cavity (PAC). Scale bars, 50 mm.



embryo size modulates the timing of morphogenesis (Fig-

ure 5L). Interestingly, although size regulation does not

take place until early organogenesis in embryos with a

reduced number of cells (i.e., half embryos), the timing of

morphogenesis (specifically primitive streak formation) is

also delayed (Power and Tam, 1993; Rands, 1986b). Future

studies should allow determination of the dynamics of pro-

amniotic cavity formation in half embryos, but our results

indicate that embryo size modulates the morphogenetic

tempo.

We next explored the mechanisms of pro-amniotic cavity

formation in double embryos. It has been shown that when

cell density is increased in in vitro 3D cultures ofMDCK cells,

lumens form not by hollowing but by apoptosis-induced

cavitation (Martin-Belmonte et al., 2008). Therefore, we

wished to establish whether this mechanism is physiologi-

cally relevant in mouse embryos. By quantifying the

number of cleaved CASPASE-3-positive cells at different

developmental stages, we detected an increase in the levels

of apoptosis in double embryos compared with controls,

specifically at the time of pro-amniotic cavity formation.

We found that the apoptotic index in the epiblast of double

embryos was approximately 5%, in agreement with previ-

ous estimates (Lewis and Rossant, 1982). We observed that

cells undergoing apoptosis lack contact with the basement

membrane. This result is in agreement with studies showing

that survival of epithelial cells depends on direct contact

with the basement membrane (Frisch and Francis, 1994),

which in turn activates pro-survival pathways, such as

PI3K and MEK, downstream of integrin signaling (Debnath

et al., 2002; Giannoni et al., 2008).

To dissect the mechanism of lumenogenesis in enlarged

epiblasts, we developed an assay that allowed us to assess

how variations in size affect lumen formation in ESCs.

We generated ESC aggregates of varying sizes and cultured

them in Matrigel as the in vitro source of extracellular ma-

trix. This revealed that in medium and large aggregates,

outer cells polarize and form small lumens by hollowing

while inner cells not in contact with the surrounding extra-

cellular matrix undergo apoptosis. This leads to the fusion

of small lumens into a single unified cavity. Importantly,

when ESC aggregates are grown in agarose, outer cells un-

dergo apoptosis. Therefore, our results show that survival

of both epiblast cells in embryos and ESCs in vitro is medi-

ated by anchorage to the underlying basement membrane.

Our findings could also be relevant in other in vivo and

in vitro contexts of epithelial tissue formation and lumeno-

genesis. It is tempting to speculate that the mechanisms of

lumen formation in adult stem cell organoids are depen-

dent on cellular density. Similarly, the interactions between

adult epithelial cells and basementmembrane components

may regulate cell survival and tissue remodeling during

regeneration.
In the embryo, deposition of basement membrane com-

ponents is first observed in the extra-embryonic lineages by

the blastocyst stage (Boroviak et al., 2015; Li et al., 2003).

Shortly after implantation, the basement membrane is

required for the establishment of apicobasal polarity and

lumenogenesis in the epiblast (Bedzhov and Zernicka-

Goetz, 2014) and the extra-embryonic ectoderm (Christo-

doulou et al., 2018). However, lack of contact with the base-

ment membrane does not result in activation of apoptosis

in the extra-embryonic ectoderm compartment, which

suggests that specific tissues respond differently to a given

morphogenetic cue. Future studies will be needed to

determine how increased cell numbers affect the mecha-

nism of lumenogenesis in the extra-embryonic ectoderm

compartment.

Previous reports have shown that a subset of epiblast cells

undergoes apoptosis during early post-implantation devel-

opment as a result of cell competition (Claveria et al., 2013;

Sancho et al., 2013). Cells with low levels of Myc and

mTOR, and high levels of p53 and ERK phosphorylation

are selectively eliminated by programmed cell death

(Bowling et al., 2018; Diaz-Diaz et al., 2017).Whether elim-

ination of cells with lower fitness contributes to lumen

opening in double embryos remains to be explored.

To determine the consequences of apoptosis inhibition

for pro-amniotic cavity formation, we overexpressed the

anti-apoptotic factor BCL2 in ESC cells and used them to

generate 3D ESC aggregates of different size in vitro and sin-

gle- and double-size chimeric embryos in vivo. These exper-

iments revealed that apoptosis is required for the fusion of

small cavities into a single unified pro-amniotic cavity spe-

cifically in double embryos. Therefore, while in normal-

sized embryos pro-amniotic cavity formation is triggered

by polarization and exocytosis (Bedzhov and Zernicka-

Goetz, 2014; Shahbazi et al., 2017), an increase in epiblast

cell numbers activates an apoptosis-dependentmechanism

of cavity formation. Remarkably, embryos harboring an

apoptosis-resistant epiblast were still able to regulate their

size. These results indicate that albeit concomitant, pro-

amniotic cavity formation and size regulation have

different molecular underpinnings. Given that approxi-

mately 34%of double embryos give rise to live pups (Mintz,

1965), we can conclude that at least in a proportion of em-

bryos morphogenesis correction via apoptosis and size

regulation are successfully achieved.

In conclusion, our study shows that embryo size deter-

mines the mechanism and timing of morphogenesis of

the embryonic tissue. Understanding how this is coordi-

nated with the morphogenesis and size regulation of the

extra-embryonic tissues will not only provide a complete

picture of the mechanisms behind mammalian embryo

plasticity but will also be potentially relevant for unravel-

ing the mechanisms of organ and organism size control.
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EXPERIMENTAL PROCEDURES

Embryo Recovery and Culture
Mice were bred in the Animal House of the Gurdon Institute in

accordance with national and international guidelines. Experi-

ments were approved under the Animals (Scientific Procedures)

Act 1986 Amendment Regulations 2012 following ethical review

by theUniversity of CambridgeAnimalWelfare and Ethical Review

Body. For embryo production, F1 (C57Bl/6 3 CBA) females were

superovulated by injection with 7.5 IU of pregnant mare’s serum

gonadotropin (Intervet) followed by injection with 7.5 IU of hu-

man chorionic gonadotropin (Intervet) 48 h later and mating

with F1 males. Pre-implantation embryos were collected at E2.5

from the oviducts and uteri in drops of M2 medium. Double

embryos were generated by removal of zona pellucidawith brief in-

cubation in acidic Tyrode’s solution (T1788, Sigma-Aldrich) and

aggregation of two E2.5 embryos in drops of KSOM. Single em-

bryos also underwent a brief incubation in acidic Tyrode’s solution

to remove the zona pellucida. Single and double embryos were

cultured in KSOM (MR-020P-5F, Millipore) covered by mineral

oil at 37�C in 5% CO2. For transfer experiments, early blastocysts

(equivalent to E3.5) were transferred into F1 foster females at

E0.5 or E2.5 of pseudo-pregnancy and recovered at E5.5. All em-

bryos were recovered at the same time (10 a.m.), but due to their

heterogeneous development we were able to classify them into

different morphological stages. Post-implantation embryos were

dissected out from the decidua and immediately fixed.

In Vitro Culture of Isolated ICMs through Post-

implantation Stages
To isolate ICMs, we subjected late blastocysts to immunosurgery

(Solter and Knowles, 1975). In brief, in vitro cultured single and

double embryos were incubated with anti-mouse whole serum

(M5774-2ML, Sigma-Aldrich) and sera complement guinea pig

(S1639-5ML, Sigma-Aldrich) diluted to 20% in M2 medium for

45min each. After elimination of trophectoderm cells by pipetting

with a narrow glass capillary in M2 medium, ICMs were seeded in

individual hanging drops of pre-warmed IVC-1 medium (Bedzhov

et al., 2014) (M11-25, Cell Guidance Systems) and cultured for 24,

48, and 72 h at 37�C in 5% CO2 (Figure 2A).

Embryo/Mouse ESC Aggregation Chimeras
Embryo/mouse ESC aggregation was carried out with pre-compac-

tion 8-cell stage embryos devoid of zona pellucida. For the double

embryo group, two 8-cell stage embryos were fused as described

above and then aggregated to a clump containing 8–10 H2B-GFP

BCL-2 O.E mouse ESCs. For single embryos, we used 3–4 H2B-

GFP BCL-2 O.E mouse ESCs. Before aggregation, mouse ESCs

were prepared as follows. Cells were first incubated with trypsin-

EDTA for 5 min to obtain single cells and plated in non-adherent

dishes for 1 h in N2B27+2iLIF to allow cells to coalesce and form

small aggregates. Thereafter, aggregates of the appropriate size

were manually picked with a narrow glass capillary and deposited

onto single or double embryos in drops of KSOM medium. Em-

bryo/mouse ESC aggregates were cultured in KSOM at 37�C in

5% CO2, for 48 h for cell count at the blastocyst stage or for 24 h

for embryo transfer experiments.
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Generation of Mouse ESC Aggregates
For generation of mouse ESC aggregates of different sizes, 100,000,

50,000, and 5,000 single cells were seeded in individual wells in

non-adherent 24-well plate (662102, Greiner Bio-One) in N2B27

supplemented with 2iLIF. On the following day all aggregates

were collected, mixed, and washed with PBS to remove any re-

maining 2iLIF. They were then plated in 8-well ibiTreat (IB-

80826, Ibidi) dishes previously coated with 40 mL of growth factor

reducedMatrigel (356230, BDBiosciences) inN2B27.Upon attach-

ment to the gel, the medium was replaced with N2B27 containing

5%Matrigel, and aggregates were cultured for 24–96 h with media

change every 48 h. To generatemouse ESC aggregates with defined

size, we manually picked ESC aggregates containing two, four, or

eight cells and plated them using the same method as described

above. For apoptosis inhibition, Z-VAD-FMK (ALX-260-020-

M001, Enzo Life Sciences) was used at 20 mM. For plating of mouse

ESC aggregates in agarose, 1% low-melting-point agarose

(16520050, Thermo Fisher Scientific) was dissolved in PBS. Cell ag-

gregates were resuspended and plated in a single drop of agarose in

8-well ibiTreat dishes covered with N2B27 supplemented with

naive pluripotency factors (2iLIF) or N2B27 alone.

Data and Code Availability
All relevant data are available from the corresponding authors

upon reasonable request.
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