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Tissue sculpting during development has been attributed mainly to cellular events
through processes such as convergent extension or apical constriction*%. However,
recent work has revealed roles for basement membrane remodelling in global tissue
morphogenesis®>. Upon implantation, the epiblast and extraembryonic ectoderm of
the mouse embryo become enveloped by abasement membrane. Signalling between
the basement membrane and these tissues is critical for cell polarization and the
ensuing morphogenesis®’. However, the mechanical role of the basement membrane
in post-implantation embryogenesis remains unknown. Here we demonstrate the
importance of spatiotemporally regulated basement membrane remodelling during
early embryonic development. Specifically, we show that Nodal signalling directs the
generation and dynamic distribution of perforations in the basement membrane by
regulating the expression of matrix metalloproteinases. This basement membrane
remodelling facilitates embryo growth before gastrulation. The establishment of the
anterior—posterior axis®® further regulates basement membrane remodelling by
localizing Nodal signalling—and therefore the activity of matrix metalloproteinases
and basement membrane perforations—to the posterior side of the embryo.
Perforations on the posterior side are essential for primitive-streak extension during
gastrulation by rendering the basement membrane of the prospective

primitive streak more prone to breaching. Thus spatiotemporally regulated basement

membrane remodelling contributes to the coordination of embryo growth,
morphogenesis and gastrulation.

The early post-implantation mouse embryo is a hollowed cylindrical
structure, the ‘egg cylinder’, which consists of two abutting tissues, the
pluripotent epiblast and the extraembryonicectoderm, andis overlaid
by alayer of another extraembryonic tissue, the visceral endoderm®.
After implantation, the epiblast and extraembryonic ectoderm grow
along theembryo’s proximal-distal axis despite being surrounded by
alaminin- and collagen-rich basement membrane™, whichis important
for maintaining the shape of the embryo (Extended Data Fig. 1a-c).
Of note, thereis no evidence of basement membrane dissolution dur-
ing embryo growth until gastrulation. As anondeformable basement
membrane would present a barrier to tissue expansion, we hypoth-
esized that it must have special features to permit embryo growth.
To address this hypothesis, we examined the development of mouse
embryos fromimplantation until gastrulation (embryonic day (E) 5.0-
E6.5), revealing perforationsin the basement membrane surrounding
the epiblast (Fig. 1a, b, Extended Data Fig. 1d), the region that experi-
ences higher forces owing to the direction of embryo growth. Most of
these perforations (99%, n=1,502 perforations quantified) were smaller
thanthe average size of cell nuclei, limiting epiblast-cell transmigration

into the visceral endoderm, as reported to occur at the distal part of
in vitro-cultured embryos'" (Extended Data Fig. 1e-g). Similar base-
ment membrane perforations have been observed during branching
morphogenesis of several embryonic mouse tissues®, but their presence
duringearly post-implantation development was previously unknown.

Ouranalysesrevealed that the basement membrane perforations were
initially evenly distributed around the epiblast but became skewed towards
onesideoftheembryoasitgrew (Fig.1a,b,n=90, Supplementary Video1).
Toassess whether the onset of this asymmetry might follow the establish-
mentoftheanterior-posterior (AP) axis, we examined the distribution of
perforations relative to the position of the anterior visceral endoderm
(AVE), which migrates towards one side of the embryo and initiates AP
patterning by inhibiting Nodal and Wnt signalling in adjacent epiblast™*
(Fig. 2a, Extended Data Fig. 2a). We found fewer basement membrane
perforationsinthe AVE region and thatbasement membrane perforations
werelocalized onthe posterior side upon completion of AVE repositioning
(Fig. 2a, b, Extended DataFig. 2a, b, Supplementary Videos 2-4).

To test whether AP axis specification regulates the position of per-
forations, we examined the consequences of inhibiting AVE migration
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Fig.1|Basement membrane architecture during pre-gastrulastages.a, The
early post-implantation embryos show a uniform distribution of perforations,
whichbecomes progressively asymmetricin the pre-gastrulastages. Binary
images (bottom) highlight apparent perforations on the basement membrane.

by disrupting RhoA, whichis required for collective cell migration®. To
this end, we examined the development of visceral endoderm-specific
Rhoa-knockoutembryos (Ttr-cre;Rhoa”). Asexpected, the AVE migrated
unilaterally in control embryos, but remained positioned distally in
Ttr-cre;Rhod”” embryos (Fig. 2¢, Extended Data Fig. 2¢). Notably, base-
ment membrane perforations accumulated proximally and failed to
localize asymmetrically along an axis perpendicular to the proximal-
distalaxisofthe Ttr-cre:Rhod” embryo (Fig.2c—e, Extended DataFig.2c,d).
Theseresultsindicate that the distribution of basement membrane per-
forations might be linked to AVE migration and AP axis establishment.

The AVE contributes to the establishment of a Nodal activity gra-
dient across the AP axis®®, which is instrumental for positioning the
primitive streak and initiating gastrulation'. We hypothesized that
the AVE-mediated regulation of Nodal signalling could control the
distribution of basement membrane perforations. To test this hypoth-
esis, we cultured tamoxifen-inducible Nodal-knockout E5.75 embryos
(NodaP"creER™)" in the presence of 4-hydroxytamoxifen for 18 h. We
found that Nodal-knockout embryos lacked basement membrane per-
forations and accumulated laminin around the epiblast, in contrast to
control embryos (Fig. 3a, b, Extended Data Fig. 3a). Pharmacological
inhibition of Nodal resulted in a similar phenotype (Extended Data
Fig.3b, c). Theseresultsindicate that Nodal activity is required for the
basement membrane remodelling.

We next wished to determine whether the epiblast is sufficient
to induce basement membrane remodelling. To this end, we used
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n=10 embryos per stage. MIP, maximum intensity projection. b, Schematic
representation of basement membranearchitecture. Thegrid and dotted lines
show therelativeincreasein embryosize. Blue, post-implantation stages; red,
pre-gastrulastages. Scalebars, 20 pm.

embryonicstem (ES) cells, whichmodel the transcriptional profile of the
early post-implantation epiblast’®, Thus, we cultured ES cells using fluo-
rescent gelatin (Cy3-gelatin) asan artificial substitute for the basement
membrane, and induced pluripotency exitin the ES cells by removing
the pluripotency maintenance factors LIF, PD0325901 and CHIR99021
(PD0325901 and CHIR99021 are MEK and GSK3 inhibitors, respec-
tively; hereafter referred to as 2i) (Extended Data Fig. 3d-f). Under
these conditions, ES cellsinduced perforationsin the gelatin, whereas
they failed to dosointhe presence of 2i-LIF (Extended Data Fig.3d, e).
Thus, ES cells cultured in an early post-implantation-like state can
remodel the underlying extracellular matrix (ECM). Treatment with the
Nodalinhibitor SB431542 blocked the formation of perforationsinthe
gelatin layer, confirming that Nodal signalling is required for basement
membrane remodelling in vitro and in vivo (Extended Data Fig. 3f, g).
These data suggest that ES cells can directly remodel the basement
membrane in a Nodal-dependent manner upon pluripotency exit.
The matrix metalloproteinase (MMP) family of proteins promote
basement membrane breakdownin various cell types. MMPs have key
rolesin enabling cancer metastasis'*** and the developmental remodel-
ling of basement membranes®. Because inhibition of MMPs impairs
the formation of basement membrane perforationsin mouse salivary
glands®, we considered whether MMPs might be involved in generating
basement membrane perforations during mouse embryogenesis. To
test this, we analysed the expression of MMP family members during
post-implantation development using asingle-cell sequencing dataset®
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Fig.2| AVE positioning and basement membrane remodelling.

a, Correlation of AVE migration (visualized using a Cerberus antibody) and
basement membrane remodelling. n=40 embryos. Lam, laminin; CollV,
collagenIV.b, Quantification of basement membrane area covered by
perforations at regions away fromor close to the AVE population at different
stages of AVE migration. Two-tailed unpaired Student’s t-test; **P=0.0068,
***P=0.0002,****P<0.0001.Inbox plots, centre lines show median values, box
limits represent the upper and lower quartiles, and whiskers show the range of
values. ¢, Representative examples of pre-gastrula control and Ttr-cre;Rhoa™"
embryos. Inhibition of AVE (visualized by a Hhex-EGFP transgene, Hex-GFP)

(Extended DataFig. 4a,b). Toselect target genes, we set three criteria.
First, the candidate MMP genes had to be expressed in the epiblast
throughout post-implantation development. Second, MMP candi-
date genes had to show posterior localization of their expression in
the pre-gastrulastagesin asimilar position to the basement membrane
perforations. Finally, the MMP candidate-gene products had tobe able
to cleave both laminin and collagen. Our analysis revealed that three
MMP genes (Mmp2, MmpI14 and Mmp25) are expressed in the epiblast
of post-implantation embryos (Extended Data Fig. 4c). Of these can-
didate genes, only Mmp2 and Mmp14 are expressed in the posterior
region in the pre-gastrula stage (Fig. 3¢, d, Extended Data Fig. 4d-f).
Furthermore, whereas MMP2 and MMP14 can cleave both lamininand
collagens?, MMP25 cleaves collagen but does not cleave laminin®, On
the basis of these findings, we excluded Mmp25 as a candidate-gene
product and focused on Mmp2 and Mmp14.

ECM components showed no preferential anterior expression in
theepiblast or the visceral endoderm upon redistribution of perfora-
tions to the posterior side of the embryo® (Extended Data Fig. 5a),
suggesting that the expression of ECM components is not regulated by
Nodal signalling. Thus, the loss of basement membrane perforations
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Ttr-cre;Rhod”” embryos. The fractionsin the bottom rightindicate the number
of embryos with amigrated AVE out of allembryos recovered per group. Dotted
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the domains of perforation: lateral domain1(L1) and lateraldomain 2 (L2) (d),
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t-test; ****P<0.0001; NS, not significant; mean+s.e.m.n=7 control,n=7
Ttr-cre;Rhod™” embryos. Scale bars, 20 pm.

in Nodal-knockout embryos cannot be accounted for by increased
expression of constituent ECM proteins, in agreement with previous
results showing that the expression of ECM components surrounding
the epiblast is not affected in Smad4-knockout embryoid bodies*.
Given that Nodal signalling regulates basement membrane remodel-
lingand that expression of Mmp2, Mmp14 and genesinvolved in Nodal
signalling follows the same pattern, we hypothesized that Nodal regu-
lates the expression of MMPs. To test this hypothesis, we examined
the expression of MMP2 and MMP14 in control, SB431542-treated and
Nodal-knockout embryos. Our analyses indicate that Nodal regulates
expression of MMP2 and MMP14 during post-implantation develop-
ment (Fig. 3e-h, Extended Data Fig. 5b, ¢). In accordance with these
results, levels of MMP2 and MMP14 were also reduced in ES cells treated
with Nodal inhibitor upon exit from pluripotency (Extended Data
Fig. 5d, e). To examine whether Nodal regulates expression of Mmp2
and Mmp14 directly, we analysed datasets from chromatin immuno-
precipitation with sequencing (ChIP-seq) of Smad2/3%, generated
using embryoid bodies treated with activin to activate Nodal or with
SB431542 toinhibit Nodal. This analysisindicated that Smad2/3 binds
to the promoters of Mmp2 and Mmp14 in aNodal-dependent manner
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Fig.3|Nodalsignalling regulates basement membrane remodelling via
regulation of MMP expression. a, Control (Nodal™creER™; n=10) and
Nodal-knockout (KO) (Nodal™'creER™ + tamoxifen; n=17) embryos. Yellow
arrowheads, AVE region. Top, insets show zoomed epiblast with binary image.
Bottom, inset shows intensity-colour-coded image revealing the accumulation
of basement membrane in Nodal-KO embryos. b, Quantification of basement
membrane perforationsin control and Nodal-KO embryos. x? test;
***%P<0.0001.c, Expression levels of Mmp2, Mmp14, Mmp25 and posterior
marker genes (7, Nodal and TdgfI) are plotted on the uniform manifold
approximation and projection (UMAP) for E6.25and E6.5 epiblast cells*
(n=527 cells). Expressionis expressed as log(counts). Green arrowheads,

(Extended Data Fig. 5f). In agreement with these results, MMP14 was
shown tobe downregulated in Smad4-knockout embryoid bodies. Our
resultsindicate that Nodal signalling directly regulates the expression
of MMP2 and MMP14 through Smad2/3 during early post-implantation
development, although it is possible that independent mechanisms
regulated by Nodal signalling can also contribute to the regulation of
MMP expression.

IfNodal drives basement membrane remodelling by promoting MMP
expression, we would expect MMP activity to be required for remodel-
ling the underlying ECM. To determine whether thisis the case, we gen-
erated MmpI4-knockout ES cells and plated them on gelatin (Extended
Data Fig. 6a-d). We found that, upon exit from pluripotency, the
Mmp14-knockout ES cells failed to generate perforationsin the gelatin,
unlike the wild-type control cells (Extended DataFig. 6e, f). As MMP14
is also an activator of MMP2¥, these results indicate that knockout of
two major MMPs is sufficient to block perforation in vitro. However,
Mmp14-single knockout and Mmp2-Mmp14 double-knockout embryos
do not show early developmental phenotypes in vivo**?. Because
enzymatic redundancy among MMP family members can mask devel-
opmental phenotypes®?¥, we investigated the role of MMPs in base-
ment membrane remodelling by inhibiting MMPs pharmacologically.
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posteriorepiblast; purple arrowheads, anterior epiblast; blue box, posterior
epiblast.d, Whole-mount fluorescent RNA in situ hybridization (FISH) of a
representative E6.5 embryo superimposed on the bright-fieldimage.n=5
embryos.e, f,Representative examples of control, Nodal inhibitor-treated (e)
and Nodal-KO (f) embryos analysed by whole-mount FISH for Mmp2 and Mmp14
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inhibitor-treated) embryos. Inf, h, n=3 (control) and 3 (Vodal-KO) embryos.
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Wecultured E5.75embryosfor18 hinthe presence of the broad-spectrum
MMP inhibitor prinomastat® complemented with the MMP14-specific
inhibitor NSC405020, which inhibits the MMP14 homodimerization
necessary for its collagenolytic function®. Embryos treated with MMP
inhibitors lacked basement membrane perforations and phenocopied
the basement membrane architecture of Nodal-knockout embryos
(Fig.4a,b).

As our results indicated that MMP inhibition also led to reduced
growth and increased apoptosis in the epiblast (Fig. 4c, Extended
Data Fig. 7a-g, Supplementary Videos 5, 6), we also examined ES cell
growthin3D, whichrecapitulates the growth of the post-implantation
epiblast®®. We found that broad inhibition of MMP activity or genetic
loss of Mmp14led to significantly reduced growth of ES cell spheroids
and increased apoptosis (Extended Data Fig. 8a-e). To evaluate the
possibility that theinhibitor treatment is toxic, we treated ES cells and
extraembryonic endoderm stem cells (XEN cells) in 2D cultures with
the same concentration of inhibitors. We found that MMP inhibition
had no effect on cell survival (Extended Data Fig. 8f), suggesting that
phenotypes observed in embryos and ES cells cultured in3D are specific
togrowthrestriction. In support of this conclusion, we could partially
rescue the growth deficiency of ES cell spheroids treated with MMP
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Fig.4| MMP-mediated basement membrane remodelling permits growth
and primitive-streak extension. a, Lamininimmunofluorescencein control
(n=13) and MMP inhibitor-treated (n=16) embryos. Prino, prinomastat.

b, Quantification of basement membrane perforations. x*test; ****P<0.0001.
¢, Quantification ofembryo length over time. Mean = s.e.m.d, Rose diagrams
forvectoranglesin E5.0-E5.25 (before growth) and ES.5-E5.75 (during growth)
embryos.E5.0-E5.25:n=10 embryos, 1,288 vectors; E5.5-E5.75: n=10
embryos, 1,481 vectors. Kolmogorov-Smirnov test; ****P<0.0001. e, Model for
the correlationbetween basement membrane perforations and embryo
growth. f, Top, Perlecanimmunofluorescence in representative E6.5 embryos.

inhibitors by reducing the concentration of Matrigel (Extended Data
Fig.8b). Together, these results suggest that MMPs—through genera-
tion of basement membrane perforations—lead to reduced cellular
confinement, allowing embryonic growth.

The aboveresults suggested that basement membrane perforations
might make the basement membrane able to accommodate tissue
growth, allowing deformation in response to forces along the growth
axis of the embryo. To examine this possibility, we generated vector
maps on maximum-intensity-projection images of the basement
membrane to approximate how the perforations are distributed in
theembryo withrespect toitslongaxis (denoting direction of stretch
during growth) (Extended Data Fig. 8g, h). We found that the orienta-
tion of the long axis of perforations was skewed towards alignment
with the embryo’s growth axis (Fig. 4d, Extended Data Figs. 1a, 8i),
suggesting that deformation of the perforations may indeed accom-
modate embryo expansion (Fig. 4e).

Astheembryo grows and establishes its AP axis, it prepares for gastru-
lation. Immediately before and during gastrulation, the expression of
MMPs and basement membrane perforationslocalize to the posterior
side of the embryo, where Nodal is expressed® (Fig. 3¢, d, Extended

White arrowheads, prospective primitive streak. Purple arrowheads: primitive
streak and breached basement membrane.n=30 embryos. Bottom, schematic
showing the ‘runinthe stocking’ model for primitive-streak extension along
the perforation domain. g, Immunofluorescence of representative examples
ofembryos cultured for18 hfromearly E6.5 (pre-primitive-streak stage). Scale
bars, 50 pm. Asterisk, dead cells. h, Progression of gastrulation. Two-sided
unpaired Student’s t-test; ****P<0.0001; meants.e.m.Ing,h,n=11

(control) and n=17 (MMP inhibitor-treated) embryos. i, Model for regulation of
basement membrane remodelling up to gastrulation. In a, f,scale bars, 20 pm.

DataFig.9a-d, Supplementary Videos 2-4). The presence of perfora-
tions at the posterior from 12 h before the initiation of gastrulation
(Extended Data Fig. 9c) suggests that basement membrane perforations
might enable the formation of the primitive streak. Consistent with
this possibility, we observed that proximo-posterior breaching of the
basement membrane, denotingthe initiation of gastrulation, aligned
withthe perforations (Fig. 4f, Extended DataFig.10a, b, Supplementary
Video 7). On the basis of these observations, we hypothesized that
the perforations at the position of the prospective primitive streak
might render the basement membrane more prone to breakage to
facilitate gastrulation (Fig. 4f, bottom). This can be explained by the
‘runinthe stocking model’, which proposes that localized remodelling
ofthebasement membraneleads toits weakening ataspecific domain,
which will open and expand upon exposure to tensioninduced by tissue
growth®. To test whether this model could apply to primitive-streak
progression, we cultured E6.5 embryos, adding MMP inhibitors just
before initiation of the primitive streak. We found that inhibition of
MMPs led to incomplete mesoendoderm (T-expressing cells) ingres-
sion, defective primitive-streak extension and consequently, failure of
gastrulation. This failure of the primitive streak to extend resulted in
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the accumulation of mesoendodermcellsin the epiblast, the presence
of dead cellsinthe pro-amniotic cavity, and the lack of extraembryonic
mesoderm, anterior primitive streak and any laterally migrating meso-
derm (Fig.4g, h, Extended DataFig.10c-e, Supplementary Videos 8-11).
These results suggest that the perforations in the posterior domain
of the basement membrane are important to enable primitive-streak
extension and normal gastrulation.

In conclusion, we have uncovered amechanism linking the remodel-
ling of the basement membrane with Nodal signalling and the establish-
ment of the AP axis (Fig. 4i). We show that at early post-implantation
stages, basement membrane perforations are evenly distributed,
accommodating embryo growth. These perforations are produced
through the expression of MMPs. As the AVE migrates to the future
anterior, Nodal activity becomesrestricted to the opposite side, enrich-
ing MMP expression—and thus perforations—in the future posterior.
Finally, the perforations persist after initiation of gastrulation to line
the prospective primitive streak. This pre-patterning of the basement
membrane at the site of the primitive streak is important for correct
progression of gastrulation and primitive-streak extension. Thus,
remodelling of the basement membrane coordinates growth and
morphogenesis in the embryo to enable proper gastrulation.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized. The investigators were not blinded
to allocation during experiments and outcome assessment.

Embryo recovery and culture

Mice were maintained inan animalfacility inaccordance with nationaland
internationalguidelines. Allexperiments performed have beenregulated
by the Animals (Scientific Procedures) Act 1986 Amendment Regulations
2012 and additional ethical review by the University of Cambridge Animal
Welfare and Ethical Review Body (AWERB). Experiments were authorised
by the Home Office (licence number: 70/8864). Upon any identification
of health concern, mice were culled by cervical dislocation.

Embryos were recovered from wild type MF1 and CD1 female mice
mated with MF1 males, dissected out of deciduae and transferred
in drops of culture medium (Advanced DMEM/F12 (Thermo Fisher
Scientific, 12634-010) with 30% FBS (Stem Cell Institute) and supple-
mented with2 mM L-glutamine (Life Technologies, 35050-038),1mM
sodium pyruvate (Life Technologies, 11360039), penicillin (25 Uml ™)/
streptomycin (25 pg ml™) (Thermo Fisher Scientific, 15140122), 1x
insulin-transferrin-selenium-ethanolamine (ITS-X; Thermo Fisher Sci-
entific, 51500056) for overnight culture or directly fixed in 4% PFA (Elec-
tron Microscopy Sciences, 11586711; diluted in 1x phosphate buffered
saline; PBS) for 20 minat room temperature or 100% methanol for 15min
at —20 °C (for MMP14 staining). Embryos cultured for imaging, were
transferred to drops of mediumonaglass-bottomdish (MatTek, P35G-
1.5-14-C) covered with mineral oil (Biocare, 9305). For MMP-inhibited
embryo culture acombination of MMP inhibitors NSC405020 (Toc-
ris, 4902; 100 pM) and prinomastat hydrochloride (Sigma-Aldrich,
PZ0198; 20 uM) was used overnight (18 h). For visualizing cell death
in MMP inhibitor-treated embryos in culture during live imaging, the
cleaved-caspase live dye CellEvent Caspase-3/7 Green Detection Rea-
gent (Thermo, C10723) was used at a concentration of 1 pM.

For the enzymatic removal of the basement membrane, embryos
were cultured in the presence of collagenase IV (500 pg ml™) for3 h
andthentransferred in cultured medium supplemented with 50 pg mi™*
collagenaseIV15h.

To induce deletion of Nodal in the Noda?"creER™ recovered
embryos were cultured in 2 pM of (2)-4-hydroxytamoxifen (in
ethanol; Abcam, ab141943). Genotyping of single embryos fol-
lowing conversion of Noda?creER™ was done using primers for
detecting cre and primers for the wild-type and floxed alleles:
cre forward, 5-GCAGAACCTGAAGATGTTCGC-3’; cre reverse,
5-AGGTATCTCTGACCAGAGTCA-3’; wild-type and floxed allele for-
ward, 5-ATGATTGTGGAGGAGTGTGGGTGC-3’; wild-type and floxed
allele reverse: 5-TCTCTGGCTTGGCAGGTCTAAG-3".

PCR of knockout embryo genomic DNA showed a cre band and
homozygous floxed allele. Embryos were cultured at 37 °C in 5% CO,.

Visceral endoderm-specific Rhoa knockouts
Female Rhod™" mice were crossed with Ttr-cre;Rhoa”™ males.
Single-embryo genotyping for the Ttr-cre;Rhod”" offspring
was performed using one set of primers to check for presence
of cre and another for detecting wild-type and floxed alleles:
cre forward, 5'-GCAGAACCTGAAGATGTTCGC-3’; cre reverse,
5’-AGGTATCTCTGACCAGAGTCA-3’; wild-type and floxed allele for-
ward, 5-GACCAGCCTCTTGACCGATTTA-3’, wild-type and floxed allele
reverse primer, 5-TGTGGGATACCGTTTGAGCAT-3".

PCR of knockout embryo genomic DNA showed a cre band and
homozygous floxed allele. Embryos were cultured at 37 °Cin 5% CO,,

Immunostaining
Embryos fixed in 4% PFA were first permeabilized for 30 minin 0.3% Tri-
tonX-100and 0.1Mglycine in PBS at room temperature. Methanol-fixed

sample was not permeabilized further. The primary antibodies were
added to the permeabilized embryos (washed three times in PBS) in
blocking buffer (0.1% Tween-20, 10% filtered FCS in PBS) at 4 °C over-
night. The primary antibodies were washed out by washing theembryos
three timesin PBS before adding the secondary antibodies inblocking
buffer for 3-4 h at room temperature.

Primary antibodies: E-cadherin (1:300; Thermofisher Scientific,
13-1900), Oct4 (1:400; Santa Cruz, sc-5279), TFAP2C (1:200; Santa Cruz,
sc-8977), laminin (1:400; Sigma, L9393), collagen IV (1:100; Millipore,
AB769), HSPG2 (1:100; Millipore, MAB1948P), OTX2 (1:100; R&D Sys-
tems, AF1979), Cerberus (1:500; R&D Systems, MAB1986), Foxa2 (1:200;
Cell Signalling Technologies, D56D6), T (also known as Brachyury)
(R&D Systems, MAB1556), cleaved caspase-3 (1:200; Cell Signalling
Technologies, 9664S), MMP14 (1:150; Abcam, ab51074).

Secondary antibodies: Alexa Fluor 488 donkey anti-mouse (1:500;
Thermo Fisher Scientific, A21202), Alexa Fluor 594 donkey anti-rat
(1:500; Thermo Fisher Scientific, A21209), Alexa Fluor 647 donkey
anti-rabbit (1:500; Thermo Fisher Scientific, A31573), Alexa Fluor 488
donkey anti-goat (1:500; Thermo Fisher Scientific, A11055).

F-actin staining: phalloidin 488 (1:500; Thermo Fisher Scientific,
A12379).Nuclear staining: minimum 30 minincubationin DAPI(Thermo
Fisher Scientific, D3571) + PBS (5 mgml™).

Cell culture

E14 and LifeAct-GFP ES cells (MMP14-KO or wild type) were used for this
study. ES cellswere cultured on1% gelatin-coated dishes (Sigma-Aldrich,
G2500) in the presence of 2i (3 uM GSK3 inhibitor CHIR99021 (Stem
Cell Institute), 1 uM MEK inhibitor PD0325901 (Stem Cell Institute))
and 10 ng mI™ mouse LIF (Biochemistry Department, University of
Cambridge). E14 base medium used was N2B27 (1:1 v/v DMEM/F12
(Thermo Fisher Scientific, 12634-010) and Neurobasal A (without vita-
min A; Life Technologies, 10888-022),1% v/v B27 supplement (Thermo
Fisher Scientific, A1895601), 0.5% v/v N2 (DMEM/F12 (Thermo Fisher
Scientific, 12634-010), 2.5 mg ml™ insulin(Sigma-Aldrich, 19287),
10 mg ml™"apo-transferrin (Sigma-Aldrich, T1147), 0.75% v/v BSA frac-
tion V (Thermo Fisher Scientific, 15260037), 20 ug ml™ progester-
one (Sigma-Aldrich, p8783), 1.6 mg ml™ putrescine dihydrochloride
(Sigma-Aldrich, P5780), 6 pg ml™ sodium selenite (Sigma-Aldrich,
$5261),100 pM B-mercaptoethanol (Life Technologies, 31350-010), pen-
icillin/streptomycin (Thermo Fisher Scientific, 15140122), GlutaMAX
(Life Technologies, 35050-038)). Base medium for LifeAct-GFP cell cul-
turewasfeeder cell (FC) medium (DMEM (Life Technologies, 41966052),
15% FBS (Stem Cell Institute), penicillin/streptomycin (Thermo Fisher
Scientific, 15140122), GlutaMAX (Life Technologies, 35050-038), non-
essential aminoacids (Life Technologies, 11140035), sodium pyruvate
(Life Technologies, 11360039), 100 U pM™ B-mercaptoethanol (Life
Technologies, 31350-010)). Cells were passaged by detaching them
with 0.05% Trypsin-EDTA (Life Technologies, 25300054 ) for 3 min at
37 °C. The trypsinization reaction was neutralized with 4x volume
addition of FC medium and cells were collected and spun down at
1,000g for 5 min. Supernatant was then discarded, and cell pellet was
resuspended in base medium and 2i + LIF. Cells were then split 1:10 or
1:20 depending on the cell density. Cells were maintained in condi-
tions to preserve stem cell character and prevent differentiation. The
self-renewal properties of wild-type ES cells were confirmed routinely
byimmunofluorescence and morphological characteristics. Wild-type
ES cell colonies maintained adomed morphology and XEN cells showed
amixed morphology of fibroblast-like and rounded cells as expected.
All cell lines used in this study were routinely tested for mycoplasma
contamination by PCR, which confirmed that they were negative for
mycoplasma contamination.

ES cell-spheroid generation
E14 or LifeAct-GFP cells (MmpI14 knockout or wild type) were trypsi-
nized with 0.05% Trypsin-EDTA (Life Technologies, 25300054) for
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3 min at 37 °C when they reached ~80% confluency. Cells were spun
at1,000g for 5 min and supernatant discarded. The cell pellet was
thenresuspended in 1 ml of base medium and were counted using a
haemocytometer. The volume of cells taken for each experiment was
calculated for 3,500-5,000 cells per 20 pl drop of Matrigel (Corning,
354230). The appropriate volume was spun down again at 1,000g for
5min and supernatant removed. The cell pellet was resuspended in
appropriate Matrigel concentration at a volume sufficient to plate
20 pl drops of Matrigel on ibiTreat 8-well Ibidi plates (Ibidi, 80826).
The suspended cells in Matrigel were placed at 37 °C for 2 min to allow
Matrigel polymerization. The drops were then covered with 250 pl of
appropriate medium.

Westernblot

Protein lysates were recovered from cells in 2D cultures using RIPA
Buffer (1M Tris-HCL, 1M NaCl, 0.5 M EDTA, 10% TX-100, 10% sodium
deoxycholate, 10% SDS) with protease inhibitor cocktail (cOmplete
Mini; Roche, 11836153001) onice. After spinning at 16,900g for 30 min
at4 °Cthe supernatant was collected and quantified for proteinusing a
BCA assay kit (Pierce BCA Protein Assay Kit, 23227). Twenty micrograms
of the sample was boiled at 96 °C for 12 min in Laemlli buffer before
beingloaded in an 8% SDS-PAGE gel (stacking gel: 5% acrylamide mix
(Severn Biotech, 20-210010), 120 mM Tris-pH 6.8, 0.1% SDS (BioPath,
$1030), 0.1% ammonium persulfate (Sigma-Aldrich, 215589), 0.02% v/v
TEMED (Thermo Fisher Scientific, 17919); 8% resolving gel: 8% acryla-
mide mix, 375 mM Tris-pH 8.8, 0.1% SDS, 0.1% ammonium persulfate,
0.06% v/v TEMED). After running and transfer on nitrocellulose paper
(0.2 um; BioRad, 160-0112), blotting was performed in 5% milk with
the following antibodies: MMP2 (1:2,000; Abcam, ab92536), MMP14
(1:2,000; Abcam, ab51074), y-tubulin (1:10,000; Sigma, T5168). Horse-
radish peroxidase (HRP)-conjugated antibodies: goat anti-rabbit (HRP)
(1:10,000; Stratech, 43C-CB1106-FIT), goat anti-mouse (HRP) (1:10,000;
Stratech, 43-GM30-FIT). HRP detection was performed using Clarity
Western ECL Substrate (BioRad, 170-5060) and imaged ona gel imager
with serial exposure. For the complete gels asimaged see Supplemen-
tary Fig. 13. For band intensity quantification see ‘lmage analysis’.

RNAScope

The sample was fixed overnight at 4 °Cin DEPC 4% PFA and then serially
dehydrated in increasing concentrations of methanol-PBST(DEPC
PBS +0.1% Tween) (25%, 50%, 75% and 100%; 10 min incubationin each
concentration). Sample was either stored in100% Methanol at -20 °C or
directly rehydratedin preparation forin situ hybridization. For rehydra-
tion the sample wasincubated for 30 minin100% methanol + 0.2 M HCI,
followed by serial dehydration in methanol + PBST (75%, 50% and 25%).
After washing the rehydrated sample in PBST + BSA (1%; Sigma-Aldrich,
A3311-50G), it was incubated in Protease Plus (Bio-Techne, 322330)
for30 minat40 °Candrinsed in channel1(C1) probe. The sample was
placed in the probe mixture, which was prepared by diluting chan-
nel 2 (C2) and channel 3 (C3) 1:50 in the C1 probe. The probe mixture
waswarmed to 40 °C and allowed to cool to room temperature before
the sample was placed init. After a2 hincubation of the samplein the
probe mixture at 40 °C, it was washed for 10 min in 0.5x ACD wash
buffer (WB; prepared by warming 50x WB stock at 40 °C for 20 min and
diluted 1:100 in DEPC water; Bio-Techne, PN310091) and stored in 5x
SSC (prepared from 20x stock in DEPC water; Thermo Fisher Scientific,
15557044) overnight at room temperature. Sample was then removed
from 5x SSC and washed twice in WB for 10 min each before placing it
to AMP1 (Bio-Techne, 320851) for 30 min at 40 °C. After two 10-min
washes in WB the sample was placed in AMP2 for 30 min at 40 °C. For
the last step of the amplification, the sample was washed twice for 10
mineachin WBand placedin AMP3 for 15min. To start developing the
signal, the sample was placed in HRP-Clincubated for 15min at 40 °C
followed by moving the sampleinto TSAwith diluted fluorophore (used
1:500) and followed by 15 minincubation at 40 °Cin HRP blocker to stop

the reaction. The same procedure was followed for all three channels
(HRP-C1, HRP-C2 and HRP-C3).

TSA fluorophores used with respective channel: Opal-570 nm,
C1; Opal-650 nm, C2; Opal-520 nm, C3. RNAScope probes used:
RNAscope Probe - Mm-Mmp14 (Bio-Techne, 479061), RNAscope
Probe - Mm-Mmp2-C2 (Bio-Techne, 315931-C2), RNAscope Probe -
Mm-Nodal-C3 (Bio-Techne, 436321-C3), RNAscope Probe - Mm-Tdgf1
(Bio-Techne, 506411).

Allwashes and dehydration-rehydration steps were done in12-well
plates (2ml per well). Protease treatment, amplification and developing
signal were done in 96-well plates (4 drops per well).

RT-PCR

E6.5 embryos were recovered from pregnant mice and the extraem-
bryonic ectoderm was removed and discarded. Then the remaining
embryonic part (epiblast + visceral endoderm) was cut in half along
the proximal-distal axis, making sure that the long axis of the epiblast
was parallel to the plate. Each half was transferred into 20 pl of extrac-
tion buffer from the PicoPure RNA Isolation kit and snap frozen on
dryice. After having been transferred to —-80 °C overnight, embryos
were thawed on ice and incubated at 42 °C for 30 min. To the 20 pl
of the lysate, 20 pl of 70% ethanol was added and transferred to a
pre-conditioned PicoPure column. Then the column was centrifuged
at100g for 2 min and 14,500g for 30 s. Then, 100 pl of wash buffer 1
was added and spun at 100g for 1 min. DNase was then applied to the
column for 30 min and spun down at 100g for 1 min. The column was
washed again with wash buffer 1and spun down at 100g before being
washed twice with wash buffer 2 (one spin at 100g for 1 min and the
second at14,500g for 2 min). The columns were centrifuged once more
at14,500g for 2 min to remove residual liquid before eluting the RNA.
RNAwaseluted by adding 20 pl of nuclease-free water and centrifuging
into an RNase-free tube for 1 min at 14,500g.

For quantitative PCR (qPCR) plate preparation the master mix was
prepared from the Power SYBR Green RNA-to C;1-Step kit. Quantities
were calculated for 10 pl per well: 2x SYBR mix, 125% enzyme mix, 2 pl
of RNA sample and nuclease free water. In every well, 5.3 pl of primer
mix was added made up of 0.3 pl of 10 uM forward and reverse primers,
and 5 pl of nuclease free water.

PCR primers used were: Cerberus (also known as CerI) forward,
5’-CTCTGGGGAAGGCAGACCT-3’; Cerberus reverse, 5-CCAC
AAACAGATCCGGCTT-3’; MMP25 forward 5-CCCTGACCTCCT
CCAGACTT-3"; MMP25 reverse 5-GACCTTCGCATCGGGATTCT-3".

Expression was normalized to the housekeeping gene Gapdh. Prim-
ersused: Gapdhforward, 5’-AGGTCGGTGTGAACGGATTTG-3’; Gapdh
reverse, 5-TGTAGACCATGTAGTTGAGGTCA-3".

To calculate relative expression, the difference of quantification
cycles (Cq) between Gapdh and the gene of interest was first calcu-
lated for every replicate of the reaction (ACq). Then the average ACq
expression (which is 2°“9) is calculated and divided by the ACq of the
Cerberus-high half (AACq). Relative gene expressionis then calculated
based on the differences of AACq between samples.

All primers were validated by performing qPCRs using different con-
centrations of sample and assessing linearity of Cq difference. Inaddi-
tion, analysis of melting curves showed single amplicon production.

Fluorescent gelatin-degradation assay

Cy3-gelatin was plated onibiTreat microscopy plates (Ibidi, 80826) and
ES cellswere seeded on top at~5,000 cells/well. Cy3-gelatin reagents
and protocol for coating were provided in the QCM Gelatin Invadopodia
Assay Kit (Millipore, ECM671).

Mmp14-knockout ES cell-line generation

The deletion of Mmp14 was targeted to exonlat the translationinitia-
tion site. Two gRNAs to flank the initiation codon were designed using
the online CRISPR Design Tool (http://tools.genome-engineering.org)
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by inputting the sequence for exon1of MmpI4.From thelist of possible
gRNAsdesigned by the tool the following sequences were selected based
on their position on the exon (to flank the initiation codon) and their
score of inverse likelihood of off-target binding. The gRNAs selected to
flank theinitiation codon are: gRNAL: 5’-GTGGATTCCTAGAGCGCGGT-3’
and gRNA2: 5-GGAGGCTGCGGGAGGGTCGA-3'.

Each gRNA was cloned into the plasmid pSpCas9(BB)-2A-Puro
(PX459) (deposited in Addgene by the F. Zhang laboratory; Addgene,
62988).BothgRNAs were co-transfected in LifeAct-GFP ES cells using
the Lipofectamine 3000 transfection reagent (Thermo Fisher Scien-
tific, L3000001) according to the manufacturer’s directions (250 ng
of each plasmid).

After two days of antibiotic selection using 2 pg ml™ Puromycin (Invi-
vogen, ant-pr-1), the transfected cells were washed in fresh medium and
allowed two more days to recover from the antibiotic treatment. To iso-
late individual clones, the remaining colonies surviving the antibiotic
selection were trypsinized (3 minin Trypsin-EDTA (Life Technologies,
25300054) and stopped with FC medium) and plated at 1 cell per well
intwo 96-well plates. The plates were checked every day until colonies
became visible. Out of 192 wells, 48 had a single colony growing. Each
of the 48 wells was trypsinized and split into 3 new wells in 3 different
96-well plates to create triplicates of all clones. Once the colonies in
the new plates became confluent, two plates were frozen down by first
trypsinizing and inactivating, followed by addition of equal volume of
freezing medium (FBS (Stem Cell Institute) +20% DMSO (Sigma-Aldrich,
D2650). The cells in the remaining plate were allowed to grow for two
more days before extracting DNA from each clone and genotyping.

Lysis of cells to extract DNA was performed using the following pro-
tocol: Medium was removed from the wells and replaced with 250 pl
of TNES (50 puM Tris (pH7.4), 100 pM EDTA (pH8.0), 400 mM NaCl,
0.5% SDS) + 5 pl of proteinase K (Qiagen, 19131). Cells were detached
by pipetting up and down and transferred to al.5-ml tube followed by
incubation at 55 °C for 30 min. To precipitate cell membrane 75 pl of
6 M NaCl was added and vigorously shaken for 30 s before spinning
for 10 min at 16,900g. A 1:1 volume of 100% ethanol was added to the
supernatant and inverted ~20 times before spinning down for 5 min at
maximum speed at 4 °C. The supernatant was then discarded, and the
pellet was washed with 70% ethanol and span down again for 5 min at
maximum speed at4 °C. The supernatant was removed again and left
the tubestoair dry for 10 minatroom temperature. To dissolve the DNA
pellet,20 pl of DNase-free water was added and incubated at 65 °C for 20
min. Fromthe resulting DNA sample, 2 ul were used per PCR reaction.

For genotyping the primers used were: forward primer,
5-CAGTTCGCCGACTAAGCAGA- 3’; reverse primer, 5-TACTTCGGG
GCTGAAGTTGC-3".

Imaging

A Leica SP8 inverted confocal microscope was used to image fixed
embryos. For liveimaging the same set up was used with laser power not
exceeding2.5% of that of the solid-state Ti:Sapphire laser. Lifeact-GFP,
T-GFP and CellEvent Caspase-3/7-treated embryos were imaged using
488-nm excitation. For maximum intensity projections of basement
membrane, laminin, collagen IV or perlecan wereimaged with optical
slicing at 0.6 um and projected using the Fiji function ‘Zproject’.

Image analysis

Images were acquired using the Leica software LASX and were pro-
cessed and analysed on Fiji image processing software (ImageJ 1.52h)
orlImaris 9.1.2 for 3D reconstruction and 3D analysis. For perforations
size quantification, binary images were generated from MIP images
of basement membrane. Subsequently, the perforations were iden-
tified and their size was extracted using the Fiji function ‘particles’.
To establish correlation between perforations domain and AVE posi-
tion, a maximum projection image was used to determine the area of
AVE coverage based on signal from Cerberus. Then a binary image of

maximume-intensity-projected basement membrane was created and
the particles function in Fiji was used to calculate total area covered
by perforations in the anterior or posterior domain (as indicated by
area of AVE coverage). Similarly, for gelatin-degradation assay a binary
image of maximume-intensity-projected Cy3-gelatin was generated
and percentage of area absent in the total area of the field of view was
calculated. For western blot band analysis the ‘gel analysis’ Fiji tool
was used. The bands being quantified were manually selected and an
intensity plot was generated. The area under the plot, representing total
intensity, was measured using the magic wand tool. Protein bands of
interest were normalized against the total intensity of the respective
tubulinband and compared. For vector mapping, the Fiji plugin ‘orien-
tation)’ was used. Maximume-intensity-projected images of basement
membrane were used to generate vector maps using this plugin. The
vector angles were exported and used to create histograms to assess
skewness. For 3D analysis of gastrulated embryos in the presence or
absence of MMP inhibitors, Imaris was used to detect cells with the spot
detection function and allocate them manually based on their relative
position to the basement membrane. For presentation purposes, the
basement membrane was surface rendered in Fig. 41, to visually dem-
onstrate position of anterior primitive streak, using the surface render
Imaris function. To quantify mRNA levels in control SB431542-treated
and NodalcreER™ + tamoxifen embryos, in toto images were acquired
with Z-compensation function. Theindividual signal spots per embryo
were automatically detected by the spot detection function of Imaris
software using a prediction for the spot diameter at 2 um. Spot detec-
tion quality was adjusted and curated manually.

Single-cell sequencing analysis

Re-analysis of the GSE109071 dataset™ was performed using R (v.3.4.4)
and Seurat (v.3.0.1). The matrix of read counts was input into Seurat,
normalized (log), and scaled. Three thousand variable genes were used
toidentify clusters. Dimensional reduction was performed using UMAP.
Cellidentifiers were parsed from the GEO entry and added to the Seurat
Object using (make_sample2Age_table.sh). All expression values are
log(counts). Marker genes were used to identify the epiblast (Pou5fI),
extraembryonic ectoderm (Bmp4) and visceral endoderm (Amn) cells
in the UMAP. The matrix of RPKM values from GSE109071 was used to
calculate gene expression correlation between pairs of selected genes.
epiblast cells at ages 6.25 and 6.5 were extracted from the matrix and
Pearson's correlation coefficient (R) with Pvalue are given for each
comparison. The points are coloured by density using akde2d kernel.
Scripts and data to recreate analysis and figures are available from
https://github.com/darogan/Kyprianou_Zernika-Goetz.

ChIP-seq analysis

ChIP tracks for Smad2/3 from GSE70486% in TDF (tiled data file) format
were visualized in Integrative Genomics Viewer® and signal intensities
were normalized against 1 x 10%/total reads to give reads per million
(RPM). Scriptstorecreate ChIP-seq analysis and figures can be found
at https://github.com/darogan/Kyprianou_Zernika-Goetz. Analysis
was performed using R (v.3.4.4).

Statistics

Statistical analyses were performed in GraphPad Prism 6.0. Quantitative
dataare presented as the mean +s.e.m. Quantitative data were analysed
using a two-sided unpaired Student’s t-test and qualitative data were
analysed with x? tests. To compare the distributions of vector angles,
the Kolmogorov-Smirnov test was used. Unless otherwise noted, each
experiment was performed at least three times. Circular statistics in
Fig.4F were generated using the circular statistics software Oriana.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Data availability

Thesourcedatausedinallgraphs are providedinthe Source Datafiles.
Raw image files are available from the corresponding author upon
request.

Code availability

The codes used in this study are available at https://github.com/
darogan/Kyprianou_Zernika-Goetz and https://doi.org/10.5281/
zen0do.3610335.
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Extended DataFig.1|Post-implantation embryo growth and basement
membrane morphology. a, Tracked bright-field stills from a time-lapse video
ofanES5.5-E5.75embryo showing egg-cylinder growth along the embryo
proximal-distal axis. Tracks are arbitrarily colour-coded and follow growth in
xydimensions of specificanatomical characteristics. Red, ectoplacental cone-
extraembryonic ectoderm boundary; magenta-cyan, extraembryonic
ectoderm; green, epiblast-extraembryonic ectodermboundary; white—
yellow, epiblast; blue, distal epiblast.n=5embryos. b, E5.5embryos cultured
for8hinthepresenceorabsenceof collagenaselV.c, Egg-cylinder aspectratio
comparisonin control and collagenaseIV-treated embryos. Unpaired Student’s
t-test; ****P<0.0001; mean ts.e.m.Inband c,n=11(control) and 11 (collagenase
IV-treated) embryos. d, Representative example of an E5.5 embryo stained for
different components of basement membrane. Basement membrane

perforations canbeidentified with all markers.n=10 embryos.

e, Representative examples of E5.5 embryos (n=20) showing the size of
basement membrane perforations relative to the size of nuclei. Asterisks,
visceral endoderm nuclei; arrowheads, basement membrane perforations.
f, Quantification of basement membrane perforations and cell nuclei area.
n=1,501perforations and 100 nuclei from 6 embryos. Two-sided unpaired
Student’s t-test; ****P<0.0001; mean + s.e.m. g, Quantification of basement
membrane perforation size during post-implantation development. Average
perforation size remains the same in early post-implantation stages but
increasesinthe pre-gastrulastages.n=423(E5.0),n=1,046 (E5.25),n=1,327
(E5.5),n=1,501(E5.75),n=1,615(E6.0-E6.5). One way ANOVA; ****P<0.0001;
mean ts.e.m.Scalebars, 20 pm.
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Extended DataFig. 3 |Nodal controls basement membrane remodellingin
embryosandES cells. a, Representative examples of control Nodal"'creER™
embryos (n=8embryos) fixed and stained immediately upon recovery. Inthe
absence of tamoxifen treatment, Noda?"'creER™ embryos have a normal
basement membrane appearance, as Nodal expressionis not affected. Bottom,
position of AP axis and basement membrane perforation patterning.
Arrowheads, AVE. b, Representative examples of control embryos (n=20) and
embryos treated with Nodal inhibitor (n=22). Note the absence of basement
membrane perforations and the appearance of accumulated fibrillar lamininin
embryos treated with Nodal inhibitor (SB431542). ¢, Percentage of embryos
with basement membrane perforations appearancein control embryos and
embryos treated with Nodal inhibitor (SB431542). x*test; ****P<0.0001.

d, LifeAct-GFPES cells cultured in conditions to maintain pluripotency

(FC +2i-LIF) and conditions to induce exit from pluripotency (FC - 2i-LIF)
plated on Cy3-gelatin; three examples for each condition (1,2,3and1’, 2" and
3’). Thestripy appearance of gelatinis aresult of the way itis plated. Three
independent experiments. e, Representative example from three independent
experiments of Cy3-gelatinremodelling by LifeAct-GFP ES cells upon exit from
pluripotency. Arrowheads pointto actin enrichment (invadopodia-like
structures) colocalizing with region of remodelled ECM. f, Control and
SB431542-treated ES cells plated on Cy3-gelatinand cultured in conditions to
allow exit from pluripotency. Right, magnified images showing colocalization
of control ES cells with Cy3-gelatin perforations. g, Quantification of resultsin
f,showing amount of Cy3-gelatin remodelling based on the percentage of
fluorescence thatisabsent.n=7regions for each condition. Two-sided
unpaired Student’s t-test; ****P< 0.0001; mean +s.e.m. Scale bars, 20 pm.
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Extended DataFig.4 | MMP expression profiles.a, UMAP showing
distribution of cells by embryonic age.n=1,724 cells; n=331(E5.25), 269 (ES.5),
321(E6.25),803 (E6.5) cells. b, Marker genesidentify epiblast (PouSfI),
extraembryonic ectoderm (Bmp4) and visceralendoderm (Amn) cellsinthe
UMAP. n=775epiblastcells, 283 extraembryonic ectodermcells and 666
visceralendoderm cells. ¢, Expression levels of MMP genes on UMAP plot for
ES5.25-E6.5.Expression values are log(counts). Blue box, epiblast.d, mRNA
levels of Cerberus and Mmp25 at the anterior and posterior side of the embryo.
Anterior and posterioridentity was defined based on Cerberus expression.
Mmp25is highly expressed at the anterior side of theembryo.n=3 embryos.

Two-sided unpaired Student’s t-test. Cerberus: **P=0.001; Mmp25:
***P=0.0002; meants.e.m.e,E5.5and E6.5 pre-gastrulaembryos stained for
MMP14. White arrowheads, prospective primitive streak.n=10 embryos for
eachstage.Scalebars, 20 um. f, The matrix of reads per kilobase of transcript
per million mapped reads (RPKM) from GSE109071was used to calculate
gene-expression correlationbetween pairs of genes. Epiblast cellsat E6.25and
E6.5(n=527 cells) were extracted from the matrix and Pearson's correlation
coefficient (R) with two-sided Pvalue are given for each comparison. The
points are coloured by density (kde2d).
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Extended DataFig.7 | MMP activityisindispensable for proper embryo
growth. a, Stills from time-lapse video of representative control (n=5) and
MMPinhibitor-treated (n=4) (100 uMNSC405020 +20 pM prinomastat)
embryos cultured fromE5.75for 18 h.Red arrowheads show cell deathinitiation
after growthrestrictioninthe absence of MMP activity. b, Control (n=20) and
MMPinhibitor-treated (n=18) embryos (18 h). ¢, Quantification of embryo
length (18 hof culture). n=20 controland 18 MMP-inhibitor-treated embryos;
two-sided unpaired Student’s t-test; ****P< 0.0001; mean +s.e.m.

d, Representative examples of control (n=7) and MMP inhibitor-treated

(n=6) embryos stained for the apoptotic marker cleaved caspase-3 (c-Casp3).
e, Quantification of apoptoticindex (number of apoptotic cells per total cell
number).n=7 controland 6 MMP inhibitor-treated embryos. Two sided
unpaired Student’s t-test; ***P=0.0002; mean + s.e.m. f, Representative
examples of control (n=10) and MMP inhibitor-treated (n=10) embryos
stained for the mitotic marker phosphorylated histone H3 (Ser10).

g, Quantification of mitoticindex (number of mitotic cells per total cell
number).n=10 controland 10 MMP inhibitor-treated embryos. Two-sided
unpaired Student’s t-test; mean = s.e.m. Scale bars, 20 pm.
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Extended DataFig. 8| Basement membrane remodellingis necessary for ES
cell-spheroid growth. a, Representative examples of controland MMP
inhibitor (100 ptMNSC405020 +20 pM prinomastat)-treated (treatment
started at48 h after removal of 2i-LIF for 18 h) ES cell spheroids in Matrigel. n=3
independent experiments. b, Quantification of ES cell-spheroid areain control
and NSC405020 + prinomastat conditions. Reduction of Matrigel
concentration results in partial rescue of the phenotype produced upon
inhibition of MMP activity. Two-sided unpaired Student’s t-test; ****P<0.0001;
mean ts.e.m.n=200spheroids for each condition. ¢, Examples of control and
NSC405020 +prinomastat-treated (treatment at 48 h) ES cell spheroids
stained for cleaved caspase-3 (c-Casp3) to monitor apoptosis.n=3
independent experiments. d, Bright-field images of wild-type and
MmpI4-knockout ES cell spheroids in Matrigel 48 h after 2i-LIF removal.n=3
independent experiments. e, Quantification of ES cell-spheroid areain
wild-type and MmpI4-knockout ES cells. n=607 wild-type and 600

Mmpl4-knockout spheroids. Two-sided unpaired Student’s t-test;
***+p<0.0001; mean +s.e.m.f, Representative examples of controland MMP
inhibitor 100 uMNSC405020 +20 pM prinomastat)-treated ES cellsand XEN
cells culturedin 2D. For ES cells, treatment started 48 h after 2i-LIF removal for
18 hasinb.XEN cells were treated with MMP inhibitors for 18 h. MMP inhibitor
treatment does notinduce cell deathin 2D cell cultures. n=3 independent
experiments. g, Schematic showing the method for quantification of
vector-map angles duringembryo growth. h, Representative example of an
ES5.75embryo showing a vector map following the direction of perforationsin
theepiblast.n=10 embryos. i, Quantification of vector angles presented asa
frequency plot; each15°binincludes points of relative frequencies from 10
embryos. The same dataare presented as a circular histogramin Fig. 4d.
Kolmogorov-Smirnov test; ****P<0.0001. Centre lines show median values
and box limits represent the maximum and minimum values. Scale bars, 20 pm.
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Extended DataFig.10 | MMP-mediated basement membrane remodelling
regulates primitive-streak extension. a, Posterior en face views of gastrula
embryos. Purple arrowheads, primitive streak (PS); white arrowheads,
perforations. Right, depth-coded view. Epiblast basement membrane, cyan;
endodermbasement membrane, white-red.n=10 embryos. Scale bars, 50 pm.
b, Representative examples of gastrula-stage embryos showing the pattern of
basement membrane perforationin correlation with T (encoding Brachyury)
expression (nuclearlocalization, halo around the embryo is due to background
staining). White arrowheads, prospective primitive streak. Purple arrowheads,
breached basement membrane-primitive streak.n=20 embryos. Scale bars,
20 um. ¢, Representative examples of embryos cultured (for 18 h) from early

E6.5 (pre-primitive streak stage); n=11control and 17 MMP inhibitor-treated
embryos. Scalebars: 50 pm (left), 80 pm (right; Supplementary Videos 8, 9).

d, Surface-rendered images of embryos cultured fromearly E6.5 (for 18 h).
Foxa2isananterior primitive streak (APS) marker.Ingressed (white arrows)
and non-ingressed (white arrowheads) Foxa2-expressing cells. APS, magenta
dottedline; primitive streak, purple dotted line.n=10 controland 10

MMP inhibitor-treated embryos. Scale bars, 80 pm (mainimages); 20 pm
(enlarged area). e, Schematicrepresentation of primitive-streak extension
alongthe perforation path and interpretation of primitive-streak appearance
after inhibition of MMPs (NSC405020 + prinomastat) just before gastrulation.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection LEICA software LAS X (v. 3.5.6.21594) was used for image acquisition.
Data analysis The code used in this study are available at https://github.com/darogan/Kyprianou_Zernika-Goetz and https://doi.org/10.5281/
zenodo.3610335 .

For graphical statistics and statistical tests (t-test), GraphPad Prism 7.0a was used.

Fiji image processing software (v.1.52p) was used for image processing and analysis.

Imaris 9.0 image processing software was used for image processing and analysis.

Oriana Software (Version 4) was used for visualising circular statistics.

Re-analysis of the GSE109071(from 10.1016/j.celrep.2019.02.031) dataset was performed using R (v3.4.4) and Seurat (v3.0.1).
ChIP tracks for Smad2_3 from GSE70486(from 10.1016/j.stem.2016.10.002) in TDF (tiled data file) format were visualised in IGV
(Integrative Genomics Viewer, 10.1038/nbt.1754).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Scripts and data for single cell RNA-seq and Chip-seq analysis are available from GSE109071,GSE70486 and https://github.com/darogan/Kyprianou_Zernika-Goetz.
The source data used in all the presented graphs are provided as a Source Data files. Raw image files are available from the corresponding author upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined based on our previous experience and the work of other groups using mouse embryos as experimental model
systems.
(Cell. 2014 Feb 27; 156(5): 1032-1044)
(Nature Cell Biology volume 17, 113-122 (2015)
(Nature Cell Biology volume 18, 1281-1291 (2016)
(Nature Cell Biology volume 20, 1278-1289 (2018)

Data exclusions  No data were excluded from the analysis

Replication In the study, all attempts at replication were successful.
Each result described in the paper is based on at least two independent biological replicates but very often an experiment is based on more
than two experiments.

Randomization  Samples (mouse embryos) were allocated randomly into experimental groups

Blinding The investigators were not blinded to group allocation due to the nature of embryo recovery. Thus, it was not possible to blind the

experimenters when i treatments were performed. When assessing treatment result on basement membrane appearance, it was either
quantified or judged simply on presence or absence of perforations.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq

X

X Eukaryotic cell lines X[ ] Flow cytometry
|:| Palaeontology |Z| |:| MRI-based neuroimaging
[X] Animals and other organisms

Human research participants

XXOXOOS

[] clinical data

Antibodies

Antibodies used Primary Antibodies used in whole mount immunofluorescence:
E-cadherin (1:300; Thermofisher Scientific, 13-1900; lot: TD2496212 and 74960345A)
Oct4 (1:400; Santa Cruz Biotechnologies, sc-5279; lot: E1017 and E1818)
Laminin (1:400; Sigma, L9393; lot: 046M4837V)
Collagen IV (1:100; Millipore, AB769; lot: 2818807 and 3182110)
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HSPG2 (1:100; Millipore, MAB1948P; lot: 2890988 and 3094623)

Otx2 (1:100; R&D Systems, AF1979; lot: KNO0615111 and KNO0616081)

Cerberus (1:500; R&D Systems, MAB1986; cl. 225807; lot: JUPO31904A)

Foxa2 (1:200; Cell Signalling Technologies, D56D6; lot: 3)

T/Brachyury (R&D Systems, AF2085; lot: KQP0619031)

MMP14 (IF: 1:150; WB: 1:2000; Abcam, ab51074; cl. EP1264Y; lot: GR300562-16)
P-Histone H3 (S10) (1:300; Cell Signaling Technologies, 9701S; lot: 17)

Cleaved Caspase-3 (D175) (5A1E) (1:200; Cell Signaling Technologies, 9664S; lot: 21)
hAP-2gamma (1:200; R&D Systems, AF5059; lot: CBHRO11904A and CBHR0219051)

Secondary antibodies used:

Alexa 488 donkey anti-mouse (1:500; Thermo Fisher Scientific, A21202; lot: 2018296)
Alexa 594 donkey anti-rat (1:500; Thermo Fisher Scientific, A21209; lot: 1870948)
Alexa 647 donkey anti-rabbit (1:500; Thermo Fisher Scientific, A31573; lot: 1903516)
Alexa 488 donkey anti-goat (1:500; Thermo Fisher Scientific, A11055; lot: 1942238)

Validation The subcellular localization of all the proteins analyzed in this study has been previously reported. This was used to validate the
specificity of the antibody.
E-cadherin: it correctly stained the basolateral side of cells in the embryo as reported and as expected (Science 356, doi:10.1126/
science.aal1810)
Oct4: it specifically stained the epiblast at all stages tested, as expected (Science 356, doi:10.1126/science.aal1810)
Laminin: it correctly stained the basement membrane between visceral endoderm and Exe or epiblast, as reported elsewhere
and as expected (Dev Dyn 241, 270-283)
Collagen IV: it correctly stained the basement membrane between visceral endoderm and Exe or epiblast, as reported elsewhere
and as expected (Dev Dyn 241, 270-283)
HSPG2: same as above
Otx2: it was correctly expressed in the epiblast and embryonic visceral endoderm of post-implantation embryos (eLife
2018;7:€32839)
Cerberus: correctly stained anterior visceral endoderm in post-implantation mouse embryos (Dev Bio 309, 97-112)
Foxa2: it was correctly expressed in the visceral endoderm and in the gastrulation stage mesoderm (Development 136,
1029-1038)
T/Brachyury: it correctly stained mesoderm at 6.5 and later as reported and expected (Dev Biol 288, 363-371)
c-Casp3: correctly stained apoptotic cells as reported before (Autophagy, doi.org/10.1080/15548627.2019.1630222)
MMP14: expected membrane staining in the epiblast cells where MMP14 is expressed according to single cell sequencing
analysis and confirmed by immunofluorescence and western blot in wildtype and MMP14 knockout ES cell lines in this study.
AP2gamma: it correctly stained the EXE lineage in mouse postimplantation embryos as reported and expected (Genes Dev
29(23):2435-48.
Anti phospho histone 3 it correctly labelled mitotic cells, as expected (Science, 360(6384):99-102 2018)
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Lifeact-GFP mESCs were derived from the Lifeact-GFP transgenic mouse line (Reidl, J. et al., 2010).
MMP14-KO mESCs were generated in this study in Lifeact-GFP mESCs.
E14 WT mESCs (kindly provided by Prof. Austin Smith, Stem Cell Institute, Cambridge, UK)
Mouse extraembryonic endoderm cells: EGFP XENs (a gift from Dr. Peter Rugg-Gunn Babraham Institute, Cambridge).

Authentication Cells were maintained in conditions to preserve stem cell character and prevent differentiation. The self-renewal properties
of WT ESCs were confirmed by immunofluorescence routinely and morphological characterstics. WT ESC colonies
maintained a domed morphology and XEN cells showed a mixed morphology of fibroblast-like and rounded cells as
expected.

Mycoplasma contamination Cell lines were routinely tested for mycoplasma contamination by PCR and confirmed that they were negative for
mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

S
Laboratory animals 6-week old mice (Mus musculus) were used to obtain mouse embryos for this study. The following strains and genetically- g‘
modified models were used: F1 (C57BI6xCBA), MF1, CD1, Nodal fl/fl; RCre:T2, TTR:Cre; RhoA fl/fl and T:GFP (both males and &
females). g
o

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.




Ethics oversight All experiments involving mice have been regulated by the Animals (Scientific Procedures) Act 1986 Amendment Regulations
2012 and additional ethical review by the University of Cambridge Animal Welfare and Ethical Review Body (AWERB).
Experiments were authorised by the Home Office (Licence number: 70/8864).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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