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1st Editorial Decision 5th Mar 2026

Dear Dr Steventon,

Thank you again for the submission of your manuscript (EMBOJ-2025-123368-T) to The EMBO Journal, as well as for providing
a preliminary response to the concerns raised by during peer-review. As mentioned earlier, your study was assessed by two
reviewers with expertise in developmental biology, cell migration dynamics and related signaling, whose reports are enclosed
below.

As you will see from their comments, the referees acknowledge the thorough ex vivo work on a relevant topic and potential
interest of your findings on interdependence of EMT and BMP signaling during vertebrate developmental cell migration
paradigms. However, they also express major concerns regarding overclaims and remaining conceptual gaps in the analysis,
which dampen their enthusiasm. In more detail, reviewer #1 is concerned that definitive causal support for EMT as an upstream
regulator of BMP signaling gradients via SNAI2 is not provided in his/her view (Ref#1, pt.1). This expert also states that the
details of EMT-sensitive BMP signaling modalities and suggested feedback looping and likewise EMT initiation specifics both
remain too prematurely explored (Ref#1, pts.2-4). Referee #2 agrees in that SNAI2-SMAD1 aligned functions and Snai2 causal
roles in p-SMAD activation at EMT initiation zones is not sufficiently supported by the current data (Ref#2, pts.1,3,4). Further,
the experts raise a number of issues related to the additional controls required, and statistics applied, that would need to be
conclusively addressed to achieve the level of robustness and clarity needed for The EMBO Journal.

Given the overall interest stated and broader angle of your findings, we are able to invite you to revise your manuscript
experimentally to address the referees' comments along the lines sketched in your response. However, please note that do
require strong support from the referees on a revised version of the study in order to move on to publication of the work.

We generally allow three months as standard revision time. As a matter of policy, competing manuscripts published during this
period will not negatively impact on our assessment of the conceptual advance presented by your study. However, we request
that you contact the editor as soon as possible upon publication of any related work, to discuss how to proceed. Should you
foresee a problem in meeting this three-month deadline, please let us know in advance and we may be able to grant an
extension.

When submitting your revised manuscript, please carefully review the instructions below.

Please feel free to approach me any time should you have additional questions related to this.

Thank you for the opportunity to consider your work for publication.

I look forward to your revision.

Best regards,

Daniel Klimmeck

Daniel Klimmeck, PhD
Senior Editor
The EMBO Journal

Instruction for the preparation of your revised manuscript:

Read our guidance for manuscript revisions and related editorial policies: https:/link.springer.com/journal/44318/submission-
guidelines#cms-Revised-submissions

1) a .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables). Please make
sure



that the changes are highlighted to be clearly visible.
2) individual production quality figure files as .eps, .tif, .jpg (one file per figure).

3) a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point response to their comments. As
part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process File (RPF),
which will be published alongside your paper.

4) a complete author checklist, which you can download from our author guidelines. Please insert information in the checklist
that is also reflected in the manuscript. The completed author checklist will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript.

6) It is mandatory to include a 'Data Availability' section after the Materials and Methods. Before submitting your revision, primary
datasets produced in this study need to be deposited in an appropriate public database, and the accession numbers and
database listed under 'Data Availability'. Please remember to provide a reviewer password if the datasets are not yet public.

In case you have no data that requires deposition in a public database, please state so in this section. Note that the Data
Availability Section is restricted to new primary data that are part of this study.

*** Note - All links should resolve to a page where the data can be accessed. ***

7) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and
obtained from public databases. Data citations in the article text are distinct from normal bibliographical citations and should
directly link to the database records from which the data can be accessed. In the main text, data citations are formatted as
follows: "Data ref: Smith et al, 2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database name, accession
number/identifiers and a resolvable link to the landing page from which the data can be accessed at the end of the reference.

8) At EMBO Press we ask authors to provide source data for the main and EV figures. Our source data coordinator will contact
you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload
and organize the files.

Numerical data can be provided as individual .xls or .csv files (including a tab describing the data). For 'blots' or microscopy,
uncropped images should be submitted (using a zip archive or a single pdf per main figure if multiple images need to be
supplied for one panel.

9) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable online.
A maximum of 5 EV Figures can be typeset. EV Figures should be cited as 'Figure EV1, Figure EV2" etc. in the text and their
respective legends should be included in the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be bundled together with their legends
in a single PDF file called *Appendix*, which should start with a short Table of Content. Appendix figures should be referred to in
the main text as: "Appendix Figure S1, Appendix Figure S2" etc.

- Additional Tables/Datasets should be labelled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in
a separate tab in case of .xls files. Alternatively, the legend can be supplied as a separate text file (README) and zipped
together with the Table/Dataset file.

10) When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability
in print as well as on screen:
https://media.springernature.com/original/springer-cms/rest/v1/content/27825798/data/v1

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

11) For data quantification: please specify the name of the statistical test used to generate error bars and P values, the number
(n) of independent experiments (specify technical or biological replicates) underlying each data point and the test used to
calculate p-values in each figure legend. The figure legends should contain a basic description of n, P and the test applied.
Graphs must include a description of the bars and the error bars (s.d., s.e.m.).



Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

Further information is available in our Guide For Authors: https://link.springer.com/journal/44318/submission-guidelines#cms-
Revised-submissions

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (3rd Jun 2026). Please discuss the revision progress ahead of this time with the
editor if you require more time to complete the revisions.

Referee #1:

This manuscript by Takahashi et al. addresses an important and timely question: how epithelial-mesenchymal transition (EMT),
morphogen signalling, and collective invasion are coordinated during vertebrate development. By combining ex vivo explant
systems with in vivo perturbations and grafting assays, the authors propose a conceptually appealing framework in which EMT
initiation and BMP signalling are reciprocally coupled to coordinate cell fate specification and invasion dynamics. The
experimental systems are appropriate, the datasets are extensive, and the downstream role of BMP signalling in regulating fate
proportions and invasion dynamics is convincingly demonstrated. The study has clear potential to make a meaningful
contribution to the EMT and developmental biology fields. However, several central conceptual claims-particularly regarding
EMT as an upstream inducer of BMP signalling competence-would benefit from clarification or additional causal support.

Major Comments

1) A central conceptual issue concerns the interpretation of ECM-plated explants as a direct proxy for EMT initiation. Plating
tissues on fibronectin or collagen induces broad migratory and mechanotransductive responses, in addition to EMT-associated
transcriptional changes, making it difficult to attribute subsequent BMP pathway activation specifically to EMT rather than to
ECM-induced migration or mechanical signalling. While SNAI2 induction indicates engagement of EMT-related programs, EMT
is not experimentally isolated from other ECM-driven processes in this system.

The manuscript convincingly demonstrates that BMP signalling is dispensable for EMT initiation yet acts downstream to regulate
cell fate proportions and invasion dynamics. This direction of the coupling is well supported. In contrast, evidence for the reverse
direction-EMT initiation actively inducing or priming BMP signalling-is limited to correlation and SNAI2 gain-of-function
experiments demonstrating sufficiency for SMAD1 transcription. Necessity is not tested: EMT is not experimentally attenuated,
SNAI2 loss-of-function does not suppress BMP signalling, and mutant explants are not analysed for EMT progression or BMP
responsiveness.

Overall, the data support a permissive association between EMT-associated programs and BMP signalling rather than a
demonstrated reciprocal causal loop. Partial attenuation of EMT followed by assessment of BMP responsiveness would
strengthen this conclusion; alternatively, moderating the language to describe EMT as associated with or permissive for BMP
competence would better align the claims with the data.

2) The concept of "BMP pathway competence" is central to the manuscript but remains insufficiently operationally defined. It is
unclear whether competence refers to increased SMAD1 expression, enhanced sensitivity to BMP ligands, altered receptor
engagement, sustained nuclear pPSMAD1 signalling, or increased transcriptional output. While SMAD1 upregulation is clearly
demonstrated, functional responsiveness to defined BMP inputs is not directly tested.

Neither EMT induction nor SNAI2 overexpression is shown to activate pPSMAD1 or canonical BMP target genes, nor is enhanced
responsiveness to exogenous BMP demonstrated. Although BMP pathway activity is inferred from pSMAD1 staining and shown
to be sensitive to BMP receptor inhibition, it remains unclear whether EMT initiation or SNAI2/SMAD1 upregulation alters ligand-
receptor coupling or instead expands intracellular capacity to transduce BMP signals once receptors are activated. Moreover,
SNAI2 overexpression is mosaic, yet BMP signalling is not assessed at single-cell resolution in SNAI2-positive cells, leaving
unresolved whether SMAD1 induction translates into functional BMP pathway activation in the same cells. As such, BMP



competence is inferred rather than directly measured. A minimal functional assay-quantifying pPSMAD1 or BMP target induction
in response to a defined BMP4 pulse before and after EMT attenuation-would substantially strengthen the mechanistic
interpretation.

3) A further concern relates to how EMT initiation is defined and staged in each of the PPS and APS explant model. Plating
tissues on fibronectin or collagen elicits broad migratory and mechanotransductive responses, including integrin signalling,
cytoskeletal remodelling, and cell spreading, in addition to EMT-associated transcriptional changes. EMT initiation is therefore
inferred rather than directly demonstrated, and it remains unclear whether the explants represent a defined early EMT state or a
heterogeneous mixture of epithelial, partial EMT, and post-EMT migratory cells.

Consistent with this, pSMAD1 activity is highest in central, epithelial regions of explants and decreases toward the migratory
front (Fig. 1H, Fig. S5, Fig. S9), where cells display the most pronounced mesenchymal morphology. Thus, BMP signalling
appears restricted to early or pre-migratory states rather than sustained in actively migrating cells, which is not fully reconciled
with claims that EMT induction itself activates BMP signalling.

Early temporal and spatial characterization of EMT markers in APS and PNP explants, together with correlation of EMT stage
and pSMAD1 localization, would strengthen the interpretation that EMT initiation-rather than ECM-induced migration per se-
primes BMP signalling competence.

4) EMT initiation is primarily inferred from SNAI2 expression, loss of polarity markers, and early transcriptional changes.
However, the depth, heterogeneity, and maturation of EMT states are not explored. Canonical mesenchymal markers (e.g.
vimentin, FN1, integrins) are not clearly shown or discussed in the explant system, and migration is analysed largely at the level
of bulk explant spreading. Given the extensive literature on partial and context-specific EMT states, it would be important to
clarify whether APS and PNP explants undergo comparable or distinct EMT programs, and whether differences in cell migration
dynamics reflect EMT state, fate specification, or tissue geometry; authors are also invited to discuss this in the discussion.

Specific Comments

1. SNAI2 expression at the 0 h explant time point is inferred from in vivo embryos and bulk RNA-seq but is not directly visualized
in freshly dissected explants.

2. pSMAD(1 is interpreted as nuclear, but nuclear counterstains and proper quantifications (e.g. nuc/cyto ratio) in situ are not
shown. Reduced pSMAD1 at the explant periphery could reflect out-of-plane nuclei rather than true signalling differences.

3. While SNAI2 overexpression is sufficient to induce SMAD1 transcription, the authors do not demonstrate that SNAI2
overexpression induces EMT in this context, nor that EMT is required for SMAD1 phosphorylation or BMP pathway activation.
Thus, the observed SMAD1 upregulation may reflect a direct transcriptional effect of SNAI2 rather than an EMT-dependent
increase in BMP signalling competence.

4. More detailed molecular and dynamic characterization of the APS and PNP explant models would strengthen interpretation of
EMT state, heterogeneity, and collective migration mechanisms underlying the reported BMP-dependent invasion phenotypes.-
5. Am important test would be SNAI2 overexpression {plus minus} LDN, followed by pSMAD1/BMP target readouts in EGFP-
positive cells, to establish whether SNAI2-driven SMAD1 expression translates into BMP receptor-dependent signalling.

6. SMAD1 phosphorylation can occur downstream of non-BMP inputs (e.g. TGFB). Additional pathway dissection would
strengthen attribution to BMP signalling.

7. BMP inhibition relies on a single inhibitor (LDN193189). Confirmation with an independent inhibitor or ligand neutralization
would strengthen specificity.

8. In the explant system, the EMT—BMP direction could be tested with a minimal BMP competence assay: partially attenuate
EMT onset and quantify nuclear pPSMAD1 and BMP target induction in response to a defined BMP4 pulse ({plus minus} LDN
control).

9. While BMP signalling clearly modulates tissue-scale dispersal downstream of EMT, the underlying cell-level effects remain
insufficiently resolved. It is unclear whether BMP acts directly on migratory behaviour or indirectly through fate allocation. This
could be addressed by single-cell tracking combined with temporal BMP perturbations.

10. Terms such as "EMT initiation zones," "BMP competence," and "collective invasion dynamics" would benefit from explicit
operational definitions or moderated phrasing.

Referee #2:

In this study, the authors take advantage of the chicken embryo and its accessibility to two models of collective cell migration-
gastrulation and neural crest-to investigate the interplay between EMT initiation and morphogen signaling during
morphogenesis. They show that the anterior primitive streak and the prospective neural plate, when cultured on fibronectin,
spread and acquire a molecular signature of EMT. Interestingly, this process is accompanied by an upregulation of BMP
members and signaling activity.

The authors then demonstrate a correlation between Smad1 and Snail2 expression and show that Snail2 is able to activate
Smad1 when overexpressed. This identifies a molecular mechanism linking Smad signaling to the EMT process. Finally, they
show that Smad1 signaling is active at embryonic EMT sites, but that it is not required for EMT initiation per se; rather, it plays a
role in cell fate (as previously known) and in cell spreading and collective migration.



Overall, this paper is very interesting, as it identifies a new link between BMP/Smad signaling and the EMT process during
embryogenesis. This work could represent a cornerstone for understanding how signaling pathways coordinate morphogenetic
movements and fate decisions. The study is generally well performed, the data are convincing, and the technical aspects are
well described. Although the manuscript is sometimes difficult to follow due to the transitions between different experimental
systems, | believe it is very interesting and could be a good fit for EMBO Journal. However, several aspects need to be
addressed before | can fully endorse its publication.

Major comments

1) I am troubled by the fact that HCR staining against Smad1 and SNAIL2 appears to be almost perfectly overlapping (Fig. 2D,
Fig. S13A), including what looks like extraembryonic, potentially nonspecific staining. | understand that the authors have
controlled for bleed-through, but could there be issues related to the amplification steps? Would it be possible to show some
degree of differential expression in a wild-type context, as was done in the gain-of-function experiments (Fig. S11B)? According
to the single-cell data, this should be feasible.

2) The role of Smad signaling in spreading and collective invasion is claimed for the primitive streak. Is this also the case for the
other system (PNP/NC)? Based on Fig. S14, this is not clear. Could the authors provide quantification of neural crest migration
in LDN-treated embryos and/or quantification of PNP explant spreading under LDN conditions?

3) A key result supporting the idea that EMT primes BMP pathway competence is that the PNP-where there is no Snail2, no
Smad1, and no phospho-Smadi-undergoes EMT, Snail2 induction, and p-Smad1 activation when cultured on fibronectin,
whereas , in contrast, when PNP is cultured in liquid (where EMT is presumably absent), Smad1 phosphorylation is not
observed. In parallel APS explants in liquid show p-Smad1 activation, presumably because EMT factors such as Snail2 are
already present and can upregulate Smad1 phosphorylation (likely due to local BMP4 signaling after isolation from BMP
inhibitors).

First, | think these data (liquid culture) should be included in the main figures rather than the supplemental material. Second, |
wonder whether PNP explants survive and/or differentiate as efficiently in liquid culture as APS explants or PNP explants on
fibronectin. In Fig. S6B, the PNP explant appears smaller than the APS explant at 24 hours. This control seems important to
support the conclusion that EMT itself primes BMP pathway activation.

4) From Fig. 3C, it is not entirely clear that Snail2 could induces Smad1 and subsequent p-Smad1 activation specifically at EMT
initiation sites, as Snail2 expression does not appear particularly strong in the EMT initiation zone. Based on the proposed
model, | would expect higher Snail2 expression in the epiblast. Could the authors provide higher-resolution imaging data to
clarify this point?

Minor comments

» The statement that Snail2 expression precedes Smad1 expression at the end of the fifth paragraph of the Results section is
not clearly supported by in vivo data.

» Most of Figure 4 (expect panel D and E) mainly appear as control experiments that could be moved to the supplementary
material if needed.

» Some supplementary figures contain a large amount of data that is difficult to read. Several could be simplified by showing
fewer representative examples or more synthetic presentations (e.g., Figs. S4, S7, S11).

* In the graphical abstract, | suggest using an arrow to indicate temporal progression rather than the distinction between
"mechanism" and "response," which does not add much to the overall message.

» One potentially confusing aspect is that the APS, although it does not show p-Smad1 signaling, undergoes massive EMT to
form paraxial mesoderm. Even though its spreading behavior appears weaker than that of PPS and can be enhanced by BMP4
(Fig. 6B), this raises the question of what drives collective behavior in the anterior primitive streak if not BMP signaling-perhaps
FGF or Wnt pathways? I think this point should be addressed or discussed.



1st Authors' Response to Reviewers 3rd Jul 2026

Response to reviewers highlighted in BLUE
Changes implemented in ORANGE

Referee #1:

This manuscript by Takahashi et al. addresses an important and timely question: how epithelial-
mesenchymal transition (EMT), morphogen signalling, and collective invasion are coordinated during
vertebrate development. By combining ex vivo explant systems with in vivo perturbations and
grafting assays, the authors propose a conceptually appealing framework in which EMT initiation and
BMP signalling are reciprocally coupled to coordinate cell fate specification and invasion dynamics.
The experimental systems are appropriate, the datasets are extensive, and the downstream role of
BMP signalling in regulating fate proportions and invasion dynamics is convincingly demonstrated.
The study has clear potential to make a meaningful contribution to the EMT and developmental
biology fields. However, several central conceptual claims-particularly regarding EMT as an upstream
inducer of BMP signalling competence-would benefit from clarification or additional causal support.

Major Comments

1) A central conceptual issue concerns the interpretation of ECM-plated explants as a direct proxy for
EMT initiation. Plating tissues on fibronectin or collagen induces broad migratory and
mechanotransductive responses, in addition to EMT-associated transcriptional changes, making it
difficult to attribute subsequent BMP pathway activation specifically to EMT rather than to ECM-
induced migration or mechanical signalling. While SNAI2 induction indicates engagement of EMT-
related programs, EMT is not experimentally isolated from other ECM-driven processes in this
system.

We agree with the reviewer here and have modified the text make it clear that the assay has been
used to induce cell migration rather than EMT specifically, through which we then uncover
mechanistic links between SNAI2 and BMP signalling, via SMAD1 regulation.

Key changes made to concluding statements:

Highlight 1: “Substrate-induced cell migration activates BMP signalling induces migratory cell states”.
Abstract: “Using substrate-induced migration in ex vivo explants, we demonstrate..

Introduction, 3™ paragraph: “To investigate potential reciprocal coupling between EMT initiation and
morphogen signalling, we employed an experimental system to induce cell migration independently

of developmental context..”.

Figure 1 title: “Ex vivo cell migration assay reveals BMP activation and BMP-induced cell fate
changes.”

Results sub-section 1 title: “Ex vivo induction of cell migration in chick tissue explants”



Results, first paragraph: “This experimental system therefore provides a platform to determine the
transcriptional events as cells initiate cell migration independently of other developmental cues”.

Results sub-section 2 title: “Ex vivo induction of cell migration drives convergent cell fate shifts
toward migratory cell states”

Results sub-section 2, first paragraph summary: “..suggesting that while induced cell migration drives
a shared programme, distinct lineage identities continued to specify and diverge”.

Results sub-section 2, final sentence: “Together, these findings demonstrate that substrate-induced
cell migration triggers cell fate responses across germ layers”.

Results sub-section 3 title: “Ex vivo induction of cell migration triggers BMP pathway activation”
Results sub-section 3 conclusion: “Together, these results demonstrate that substrate-induced cell
migration triggers both BMP pathway component expression and signalling activity, consistent with
the observed cell fate changes toward migratory lineages. Furthermore, the rapid upregulation of
SNAI2 expression supports a role for this transcription factor as an upstream activator of this switch”.

The manuscript convincingly demonstrates that BMP signalling is dispensable for EMT initiation yet
acts downstream to regulate cell fate proportions and invasion dynamics. This direction of the
coupling is well supported. In contrast, evidence for the reverse direction-EMT initiation actively
inducing or priming BMP signalling-is limited to correlation and SNAI2 gain-of-function experiments
demonstrating sufficiency for SMAD1 transcription. Necessity is not tested: EMT is not
experimentally attenuated, SNAI2 loss-of-function does not suppress BMP signalling, and mutant
explants are not analysed for EMT progression or BMP responsiveness.

Overall, the data support a permissive association between EMT-associated programs and BMP
signalling rather than a demonstrated reciprocal causal loop. Partial attenuation of EMT followed by
assessment of BMP responsiveness would strengthen this conclusion; alternatively, moderating the
language to describe EMT as associated with or permissive for BMP competence would better align
the claims with the data.

We thank the reviewer for this suggestion, as we feel that has helped clarify the overall message of
the paper regarding the mechanistic connection between SNAI2 and SMAD1. Our previous data
showed that SNAI2 loss-of-function in vivo did not lead to significant changes in smad1 expression, or
pSMAD1 activity within single cells (Fig. S22). However, we reasoned that this may be due to SNAI2
acting redundantly with additional signals to modulate BMP signalling in vivo. As suggested by the
reviewer, we analysed mutant explants for smad1 expression and pSMAD1 activity- in the presence
and absence of BMP4. Importantly, we observed a downregulation of their expression levels when
SNAI2 is reduced, irrespective of whether or not BMP4 is present (see revised Fig. 4). This allows us
to confirm a functional requirement of SNAI2 expression for smad1 expression and BMP signalling.
However, this has also led us to revise our conclusion about BMP competence, and to conclude
directly about an impact of BMP activity instead. Therefore, we have altered our conclusions relating
to ‘BMP competence’, to ‘BMP activity’ throughout the manuscript.



Key changes made to concluding statements:

Highlights 2: “SNAI2 is both sufficient and required for SMAD1 expression and BMP pathway
activity”.

Abstract:
Ex vivo CRISPR-Cas9 experiments further demonstrate that SNAI2 is required for SMAD1 expression
and BMP signalling activity.

Final conclusion “This coupling provides a mechanism for synchronising cell fate specification with
invasion progression during axis elongation, positioning EMT as a process that actively modulates

BMP activity to coordinate tissue-level cell behaviours during collective cell invasion”.

Introduction: “In vivo and ex vivo functional studies demonstrated that SNAI2 overexpression is
sufficient and required for SMAD1 expression and BMP signalling activity”.

Sub-section 4 title: “SMAD1 upregulation couples EMT initiation to BMP signalling activity”.

New results section title:"SNAI2 expression is required for SMAD1 expression and BMP signalling
activity ex vivo”

New results section text:

«“«

To test this in a more controlled setting, we dissected APS explants from SNAI2 CRISPR and control
embryos and cultured these in either free-floating or fibronectin-plated conditions, treating each
with or without exogenous BMP4 protein (Fig. 4D). This ex vivo approach allowed us to assess BMP
response directly while controlling for the complexity of the intact embryonic environment. In

both conditions, SNAI2 CRISPR explants showed significantly reduced SNAI2 transcript levels
compared to controls, confirming effective editing (Fig. 4E,H).

SNAI2 CRISPR cells also showed significantly reduced SMADL1 transcript levels in both free-floating
(Fig. 4F) and spreading (Fig. 41) conditions, with spreading CRISPR+BMP4 cells additionally showing
a significantly higher proportion of cells at low SMAD1 expression levels. At the level of BMP
pathway activation, SNAI2 CRISPR cells showed significantly reduced pSMAD1 protein levels in
migrating explants (Fig. 4J). In free-floating explants, where substrate contact is absent, SNAI2
CRISPR cells showed a significantly lower high-pSMAD1 peak in BMP4-treated cells compared to
controls (Fig. 4G). Notably, the reduction in pPSMAD1 caused by SNAI2 loss persisted even in the
presence of exogenous BMP4 (Fig. 4G,J), indicating that SNAI2 is required for BMP pathway
activation regardless of BMP ligand availability. Together, these results demonstrate that SNAI2 is
required for SMAD1 expression and BMP signalling activity ex vivo.”

New discussion text and revised heading in section “EMT initiation triggers BMP pathway activity to
coordinate collective cell invasion”: “Ex vivo loss-of-function experiments further demonstrate that



SNAI2 is required for SMAD1 expression and BMP signalling, with SNAI2 CRISPR cells showing
significantly reduced SMAD1 transcript levels and a dampened pSMAD1 response to exogenous
BMP4 in both free-floating and fibronectin-plated conditions. We note that in vivo CRISPR
experiments did not resolve this necessity relationship, likely reflecting the role of additional
mechanisms impacting BMP activity in vivo.

2) The concept of "BMP pathway competence" is central to the manuscript but remains insufficiently
operationally defined. It is unclear whether competence refers to increased SMAD1 expression,
enhanced sensitivity to BMP ligands, altered receptor engagement, sustained nuclear pSMAD1
signalling, or increased transcriptional output. While SMAD1 upregulation is clearly demonstrated,
functional responsiveness to defined BMP inputs is not directly tested.

Neither EMT induction nor SNAI2 overexpression is shown to activate pSMAD1 or canonical BMP
target genes, nor is enhanced responsiveness to exogenous BMP demonstrated. Although BMP
pathway activity is inferred from pSMAD1 staining and shown to be sensitive to BMP receptor
inhibition, it remains unclear whether EMT initiation or SNAI2/SMAD1 upregulation alters ligand-
receptor coupling or instead expands intracellular capacity to transduce BMP signals once receptors
are activated.

As mentioned above, we observe a reduction in p-SMAD1 whether in response to SNAI2 loss-of-
function whether or not BMP4 is present, demonstrating a direct requirement for SNAI2 for BMP
signalling activity, rather than BMP competence per se. As such, we have adjusted these conclusions
throughout the manuscript. We don’t feel that this has limited the impact of the work, which is
centred around the concept of reciprocal interactions enabling collective cell invasion. Instead, the
new data added in response to experiment suggested by this reviewer has strengthened the reverse
causal connection between SNAI2 (typically seen as acting downstream of BMP controlled cell fate
regulation) and BMP signalling activity, via Smad1 expression. It has also allowed us to clarify our
conclusions in this regard.

Moreover, SNAI2 overexpression is mosaic, yet BMP signalling is not assessed at single-cell resolution
in SNAI2-positive cells, leaving unresolved whether SMAD1 induction translates into functional BMP
pathway activation in the same cells. As such, BMP competence is inferred rather than directly
measured. A minimal functional assay-quantifying pPSMAD1 or BMP target induction in response to a
defined BMP4 pulse before and after EMT attenuation-would substantially strengthen the
mechanistic interpretation.

For the SNAI2 overexpression experiment in figure 4, we performed single cell segmentation and
guantification of expression levels for SNAI2 and SMAD1 mRNA, as our primary goal here was to
assess whether cells that have access SNAI2 also result in higher levels of SMAD1 transcription. This
was observed for a large proportion (Fig 4C; yellow bar; n=308 cells), however a significant number
showed overexpression of SNAI2 only (Fig 4C; red bar; n=651 cells). This is likely due to the inherent
variability in the expression levels of electroporated plasmids that is unavoidable in our system.
Nevertheless, this is a significant increase in the number of SMAD1+/SNAI2+ cells in controls, which
is zero when the expression plasmid alone is introduced.



For the new SNAI2 loss-of-function experiments, similar single-cell quantifications have been
performed and demonstrate a significant reduction in both SMAD1 expression and p-SMAD1 staining
(as a read-out of BMP activity) when cells receive both Cas9 and SNAI2 guide RNAs.

3) A further concern relates to how EMT initiation is defined and staged in each of the PPS and APS
explant model. Plating tissues on fibronectin or collagen elicits broad migratory and
mechanotransductive responses, including integrin signalling, cytoskeletal remodelling, and cell
spreading, in addition to EMT-associated transcriptional changes. EMT initiation is therefore inferred
rather than directly demonstrated, and it remains unclear whether the explants represent a defined
early EMT state or a heterogeneous mixture of epithelial, partial EMT, and post-EMT migratory cells.

Consistent with this, pSMAD1 activity is highest in central, epithelial regions of explants and
decreases toward the migratory front (Fig. 1H, Fig. S5, Fig. S9), where cells display the most
pronounced mesenchymal morphology. Thus, BMP signalling appears restricted to early or pre-
migratory states rather than sustained in actively migrating cells, which is not fully reconciled with
claims that EMT induction itself activates BMP signalling.

Early temporal and spatial characterization of EMT markers in APS and PNP explants, together with
correlation of EMT stage and pSMAD1 localization, would strengthen the interpretation that EMT
initiation-rather than ECM-induced migration per se-primes BMP signalling competence.

Our interpretation is that the higher levels of pSMAD1 activity within the central region of the
explants marks sites where EMT is being initiated, reflecting the co-incidence of these processes in
the embryo (Figures 3, S9, S10). As cells spread outwards, BMP signalling levels reduce, again
reflecting the lower levels of pPSMAD1 staining in migratory cells in vivo (Figures 3, S9, S10). To
validate these interpretations, we have performed a pseudo time-course analysis of SNAI2, SMAD1
expression and pSMAD1 activity from 0 hours plating up to 24 hours. These results are now included
as a series of new supplementary figures (Figs. S6-S11), and summarise in Fig. S12, that is
reproduced here:
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Fig. S12. Summary of pseudo time-course analysis of markers. Schematic of observed expression of
SNAI2 protein, SNAI2 mRNA, FN protein, pSMAD1 protein, SMADI mRNA, and HNK1 epitope in PNP and
APS migrating explants at multiple timepoints.

This additional data has allowed us to better clarify the spatial and temporal progression of events as
described in the following text addition:

1) In “Exvivo induction of cell migration triggers BMP pathway activation”:
To directly characterise the temporal upregulation of SNAI2 and its and their relationship to BMP
pathway activation in this system, we performed pseudo timecourse analyses of PNP and APS
explants fixed at 0, 6, 12, 18, and 24 hours of culture on fibronectin and stained for SNAI2 mRNA,
SNAI2 protein, pSMAD1 protein, fibronectin (FN) protein, and the carbohydrate HNK1 epitope (Fig.
S6-12). In PNP explants, both SNAI2 mRNA and SNAI2 protein were absent at 0 hours (Fig. S8 & S7),
thus confirming the pre-EMT state of freshly dissected PNP tissue. SNAI2 mRNA appeared broadly
across the explant by 6 hours of culture, before becoming progressively restricted to patches of
expression as cells spread outward over sub sequent timepoints (Fig. S8). SNAI2 protein also
appeared robustly by 6 hours of culture (Fig. S7). Together, this demonstrated the rapid induction of



SNAI2 expression upon substrate contact. As for BMP signalling, pSMAD1 protein was absent at 0
hours, sparse at 6 hours, and enriched from 12 hours onwards in central regions of PNP explants (Fig.
S6). The mesenchymal markers FN protein and HNK1 epitope appeared from 12 hours onwards (Fig.
S6 & S7). In APS explants, both SNAI2 mRNA and SNAI2 protein were present at 0 hours (Fig. S10 &
S11), consistent with the endogenous EMT state of APS tissue. Similar to PNP explants, SNAI2 mRNA
expression became progressively restricted to patches with subsequent incubation in APS explants
(Fig. S11). pSMAD1 protein was absent at 0 hours, robust at 6 hours, and enriched from 12 hours
onwards in central regions of APS explants (Fig. S9). Both FN protein and HNK1 epitope appeared
from 6 hours onwards (Fig. S9 & S10). A summary of the observed patterns of protein and mRNA
expression in PNP and APS explants at different time points can be seen in Supplementary Figure 12
(Fig. S12).

2) New results text in section “SMAD1 upregulation couples EMT initiation to BMP signalling
activity”:
Pseudo-timecourse analysis of SMAD1 mRNA expression in PNP explants further confirmed this:
SMAD1 mRNA was absent at 0 hours in PNP explants and appeared from 6 hours onwards, thus
coinciding with the onset of SNAI2 expression (Fig. S8). ...This was further confirmed using pseudo-
timecourse analysis of SMAD1 mRNA expression in APS explants (Fig. S11).

4) EMT initiation is primarily inferred from SNAI2 expression, loss of polarity markers, and early
transcriptional changes. However, the depth, heterogeneity, and maturation of EMT states are not
explored. Canonical mesenchymal markers (e.g. vimentin, FN1, integrins) are not clearly shown or
discussed in the explant system, and migration is analysed largely at the level of bulk explant
spreading. Given the extensive literature on partial and context-specific EMT states, it would be
important to clarify whether APS and PNP explants undergo comparable or distinct EMT programs,
and whether differences in cell migration dynamics reflect EMT state, fate specification, or tissue
geometry; authors are also invited to discuss this in the discussion.

We agree with the reviewer that EMT is a highly plastic process that is likely to be modulated over
time within the explants, and to occur differently depending on their tissue of origin. We feel that a
full characterisation of these differences would be beyond the scope of this article, though feel that
we have establishing a strong framework for doing so in future work. We have pointed to this in
revised discussion text:

Section “EMT initiation triggers BMP pathway activation to coordinate collective cell invasion”:

While APS and PNP explants share a common substrate-induced EMT programme, our pseudo-
timecourse analysis reveals the progressive maturation of EMT states across both tissues, allowing us
to begin to disentangle whether differences in collective invasion dynamics reflect EMT state, fate
specification, or tissue geometry. These questions will be important to resolve fully in future work,
particularly given the extensive literature demonstrating that partial and context-specific EMT states
can produce distinct migratory behaviours (reviewed in Campbell and Casanova, 2016).



Specific Comments
1. SNAI2 expression at the 0 h explant time point is inferred from in vivo embryos and bulk RNA-seq
but is not directly visualized in freshly dissected explants.

This is now shown in Fig. S10.

2. pSMAD1 is interpreted as nuclear, but nuclear counterstains and proper quantifications (e.g.
nuc/cyto ratio) in situ are not shown. Reduced pSMAD1 at the explant periphery could reflect out-of-
plane nuclei rather than true signalling differences.

We agree that rigorous quantification of pPSMAD1 localisation is essential for confident
interpretation, and we would like to clarify an aspect of our analysis that address this concern. In our
ex vivo explant system, pPSMAD1 signal was normalised to SYTOX nuclear counterstain intensity
(Figure S9). This normalisation directly accounts for potential confounds arising from out-of-plane
nuclei or tissue depth variation, since any such effects would proportionally affect both the pSMAD1
and SYTOX signals.

3. While SNAI2 overexpression is sufficient to induce SMAD1 transcription, the authors do not
demonstrate that SNAI2 overexpression induces EMT in this context, nor that EMT is required for
SMAD1 phosphorylation or BMP pathway activation. Thus, the observed SMAD1 upregulation may
reflect a direct transcriptional effect of SNAI2 rather than an EMT-dependent increase in BMP
signalling competence.

We now conclude that SNAI2 is sufficient to induce SMAD1 expression and is required for it ex vivo
within our explant system. As SNAI2 is a key part of the gene-regulatory network known to drive
EMT, we then discuss how this mechanism can enable the reciprocal coupling of the two processes
within a revised first paragraph of the discussion.

4. More detailed molecular and dynamic characterization of the APS and PNP explant models would
strengthen interpretation of EMT state, heterogeneity, and collective migration mechanisms
underlying the reported BMP-dependent invasion phenotypes.-

This has now been added in Figs. S6-S12 (see response to point 3 above).

5. Am important test would be SNAI2 overexpression {plus minus} LDN, followed by pPSMAD1/BMP
target readouts in EGFP-positive cells, to establish whether SNAI2-driven SMAD1 expression
translates into BMP receptor-dependent signalling.

We opted to assay for changes in competence to BMP4 exposure in the context of SNAI2 loss-of-
function to address this point (see response to point 2 above). As we observe a direct impact on p-
SMAD independently of BMP4 exposure, we have modified our conclusions to clarify an impact on
BMP signalling activity, rather than competence.



6. SMAD1 phosphorylation can occur downstream of non-BMP inputs (e.g. TGFB). Additional
pathway dissection would strengthen attribution to BMP signalling.

We have acknowledged that there are likely other signalling pathways being modulated as part of
the induced-cell migration assay, but have elected to focus on BMP due to its known roles in
mediating the concomitant cell fate changes we observe in the data. This has been clarified in a
revised text:

Results text in section “Ex vivo induction of EMT triggers BMP pathway activation”:

We focused specifically on BMP signalling due to the cell fate changes observed in both PNP and APS
migrating explants (i.e. toward neural crest and posterior primitive streak fates respectively) being
consistent with known roles of BMP signalling rather than TGFbeta signalling during chick
development. We note that TGFbeta signalling may also be active in this context, but its role in
coordinating collective cell behaviours and fate specification falls outside the scope of the present
study.

7. BMP inhibition relies on a single inhibitor (LDN193189). Confirmation with an independent
inhibitor or ligand neutralization would strengthen specificity.

We see expected changes associated with BMP pathway inhibition that include alterations to
pSMADL1 intensity, and expected cell fate changes in both the primitive streak and ectoderm. The
question of whether a regulation of specifically BMP competence has been addressed in response to
point 2 above.

8. In the explant system, the EMT->BMP direction could be tested with a minimal BMP competence
assay: partially attenuate EMT onset and quantify nuclear pSMAD1 and BMP target induction in
response to a defined BMP4 pulse ({plus minus} LDN control).

These experiments have been performed as described above.

9. While BMP signalling clearly modulates tissue-scale dispersal downstream of EMT, the underlying
cell-level effects remain insufficiently resolved. It is unclear whether BMP acts directly on migratory
behaviour or indirectly through fate allocation. This could be addressed by single-cell tracking
combined with temporal BMP perturbations.

This is an excellent question, but one that is potentially very difficult to resolve. Given what we have
observed, we think it likely that BMP is acting on both processes simultaneously. Part of the impact
of this work is to more clearly advocate away from the interpretation of signalling acting within a
linear set of causal relationships: in the context of collective invasion, it appears important to
associate cell fate decision-making, EMT and migration in a manner that drives a collective response.
We have now made this point clearer in a revised discussion of the manuscript.

Discussion text in section “EMT initiation triggers BMP pathway competence to coordinate collective
cell invasion”:



While it remains unclear whether BMP signalling acts directly on migratory behaviour or indirectly
through fate allocation (or both simultaneously), we suggest that attempting to resolve these as
separable sequential events may itself be misleading. In the context of collective invasion, cell fate
decision-making, EMT, and migration appear to be deeply coupled processes that together drive a
coordinated tissue-level response, rather than components of a linear causal chain.

10. Terms such as "EMT initiation zones," "BMP competence," and "collective invasion dynamics"
would benefit from explicit operational definitions or moderated phrasing.

We have removed statements relating to BMP competence throughout the text in light of our new
data. Additional clarifications are as follows:

Results text in section “Identification of SNAI2 as a candidate regulator of SMAD1 expression”:
...the regions of EMT initiation, defined here as embryonic territories where expression of key EMT
transcriptional drivers have started to become enriched relative to surrounding tissues.

Results text in section “BMP signalling modulates cell invasion dynamics”:
By dynamics, we specifically mean the directionality of migration, the rate at which tissues spread,
and the rate at which precursor regions are depleted.

Referee #2:

In this study, the authors take advantage of the chicken embryo and its accessibility to two models of
collective cell migration-gastrulation and neural crest-to investigate the interplay between EMT
initiation and morphogen signaling during morphogenesis. They show that the anterior primitive
streak and the prospective neural plate, when cultured on fibronectin, spread and acquire a
molecular signature of EMT. Interestingly, this process is accompanied by an upregulation of BMP
members and signaling activity.

The authors then demonstrate a correlation between Smad1 and Snail2 expression and show that
Snail2 is able to activate Smad1 when overexpressed. This identifies a molecular mechanism linking
Smad signaling to the EMT process. Finally, they show that Smad1 signaling is active at embryonic
EMT sites, but that it is not required for EMT initiation per se; rather, it plays a role in cell fate (as
previously known) and in cell spreading and collective migration.

Overall, this paper is very interesting, as it identifies a new link between BMP/Smad signaling and the
EMT process during embryogenesis. This work could represent a cornerstone for understanding how
signaling pathways coordinate morphogenetic movements and fate decisions. The study is generally
well performed, the data are convincing, and the technical aspects are well described. Although the
manuscript is sometimes difficult to follow due to the transitions between different experimental
systems, | believe it is very interesting and could be a good fit for EMBO Journal. However, several
aspects need to be addressed before | can fully endorse its publication.

Major comments
¢ | am troubled by the fact that HCR staining against Smad1 and SNAIL2 appears to be almost



perfectly overlapping (Fig. 2D, Fig. S13A), including what looks like extraembryonic, potentially
nonspecific staining. | understand that the authors have controlled for bleed-through, but could
there be issues related to the amplification steps? Would it be possible to show some degree of
differential expression in a wild-type context, as was done in the gain-of-function experiments (Fig.
S11B)? According to the single-cell data, this should be feasible.

We have now performed HCR stains with the same probes in HH4-stage embryos with SNA/2 and
SMAD1 and imaged them from both the dorsal and ventral side to show SMAD1 expression (but not
SNAI2 expression) in the hypoblast and endoderm cells.

See supplementary figure S17.

* The role of Smad signaling in spreading and collective invasion is claimed for the primitive streak. Is
this also the case for the other system (PNP/NC)? Based on Fig. S14, this is not clear. Could the
authors provide quantification of neural crest migration in LDN-treated embryos and/or
guantification of PNP explant spreading under LDN conditions?

We focussed on the primitive streak for these experiments as we are able to easily transplant size-
matched tissue grafts into stage-matched host embryos for the comparison of how BMP modulation
impacts collective invasion. Unfortunately, similar experiments between trunk and cranial neural
crest regions would be difficult to perform as the cells migrate at very different stages of
development, and into different environments. For these technical reasons, we decided to restrict
this part of the study to the primitive streak.

¢ A key result supporting the idea that EMT primes BMP pathway competence is that the PNP-where
there is no Snail2, no Smad1, and no phospho-Smad1l-undergoes EMT, Snail2 induction, and p-Smad1
activation when cultured on fibronectin, whereas , in contrast, when PNP is cultured in liquid (where
EMT is presumably absent), Smad1 phosphorylation is not observed. In parallel APS explants in liquid
show p-Smad1 activation, presumably because EMT factors such as Snail2 are already present and
can upregulate Smad1 phosphorylation (likely due to local BMP4 signaling after isolation from BMP
inhibitors).

First, | think these data (liquid culture) should be included in the main figures rather than the
supplemental material. Second, | wonder whether PNP explants survive and/or differentiate as
efficiently in liquid culture as APS explants or PNP explants on fibronectin. In Fig. S6B, the PNP
explant appears smaller than the APS explant at 24 hours. This control seems important to support
the conclusion that EMT itself primes BMP pathway activation.

We thank the reviewer for this suggestion; we have moved these results to the main figure (Fig. 2
B,B’). The viability of these floating explants was confirmed using active Caspase 3 immunostaining
after 24 hours of incubation (Fig. S14).

¢ From Fig. 3C, it is not entirely clear that Snail2 could induces Smad1 and subsequent p-Smad1
activation specifically at EMT initiation sites, as Snail2 expression does not appear particularly strong
in the EMT initiation zone. Based on the proposed model, | would expect higher Snail2 expression in
the epiblast. Could the authors provide higher-resolution imaging data to clarify this point?



In the embryo context, where EMT onset is a continual process as cells continually enter and exit this
primitive streak, a clear spatial-temporal order of events would be difficult to ascertain, even at
higher resolution as it would require tracking gene expression dynamics within live cells. However,
we can observe this in our explant culture as cell propagate from the site of ECM contact during
induced cell migration (see new supplementary figures S6-S12 describing this).

What we have observed in vivo is that SNAI2 protein signal is clearly present in the primitive streak in
Fig. 3C, which is the EMT initiation zone in this context, and this is consistent with the extensive
literature establishing SNAI2 as a key driver of mesoderm EMT in the chick primitive streak. SNAI2 is
also expressed in migrating mesoderm cells that have already completed ingression, as is clearly
visible in Fig. 3C and consistent with its known role in maintaining the mesenchymal state. The
relevant prediction of our model is that SNAI2 expression in the primitive streak precedes and drives
SMAD1 upregulation at that site, which is supported by our HCR co-expression data (Fig. 2D) and our
gain-of-function experiments (Fig. 4).

Minor comments
¢ The statement that Snail2 expression precedes Smad1 expression at the end of the fifth paragraph
of the Results section is not clearly supported by in vivo data.

We have modified the following parts of the text to clarify this point:

Results text in section “Identification of SNAI2 as a candidate regulator of SMAD1 expression”:

This bimodal distribution of SMAD1 expression in SNAI2-expressing cells is consistent with a model in
which SNAI2 and SMAD1 are co-expressed in cells undergoing EMT initiation, with a subset of SNAI2-
expressing cells showing high SMAD1 expression.

...Together, these findings demonstrate that SNAI2 and SMAD1 are co-expressed during development
within regions of EMT initiation, consistent with SNAI2 acting as a candidate upstream regulator of
SMAD1 expression.

Discussion text in section “EMT initiation triggers BMP pathway competence to coordinate collective
cell invasion”:

...with a bimodal distribution in which a subset of SNAI2-expressing cells co-express high levels of
SMAD1.

¢ Most of Figure 4 (expect panel D and E) mainly appear as control experiments that could be moved
to the supplementary material if needed.

These have been moved to the supplementary figures (Fig. S20).

¢ Some supplementary figures contain a large amount of data that is difficult to read. Several could

be simplified by showing fewer representative examples or more synthetic presentations (e.g., Figs.
S4,57,511).



The following figures have been revised accordingly:

Supplementary figure S4. Only top 10 terms shown.
Supplementary figure S11. Reduced number of representative images.

¢ In the graphical abstract, | suggest using an arrow to indicate temporal progression rather than the
distinction between "mechanism" and "response," which does not add much to the overall message.

This is an excellent suggestion that we have now implemented.

¢ One potentially confusing aspect is that the APS, although it does not show p-Smad1 signaling,
undergoes massive EMT to form paraxial mesoderm. Even though its spreading behavior appears
weaker than that of PPS and can be enhanced by BMP4 (Fig. 6B), this raises the question of what
drives collective behavior in the anterior primitive streak if not BMP signaling-perhaps FGF or Wnt
pathways? | think this point should be addressed or discussed.

Yes, this is an interesting point that we have now discussed in the revised manuscript. Interestingly,
these cells are beginning to delay their ingression rates as has been previously described by us and
others:

Discussion text in section “Coordinating precursor region dynamics during chick axis elongation”:
Notably, the APS undergoes extensive EMT to contribute to paraxial mesoderm despite lacking
endogenous BMP signalling, raising the question of what drives its collective behaviour in this
context. Interestingly, APS cells at this stage are beginning to slow their

ingression rates, consistent with previously described dynamics of precursor region maintenance in
the anterior streak (limura and Pourquié, 2006; Guillot et al., 2021; Busby et al., 2024). Alternative
signalling pathways, including FGF and Wnt, which are known to be active in the primitive streak at
this stage (reviewed in Chuai and Weijer, 2009), are strong candidates for coordinating collective cell
behaviour in the absence of BMP signalling activity, and represent an interesting avenue for future
investigation.



1st Revision - Editorial Decision 18th Aug 2026

Dear Dr Steventon,

Thank you again for sending us your amended manuscript (EMBOJ-2025-123368R) for reconsideration by The EMBO Journal,
together with a point-by-point response to the issues raised during the earlier peer-review. Please accept my apologies for the
unusual protraction in getting back to you due to delayed expert input and detailed discussion in the editorial team.

Your revised study was sent back to the referees for their scientific reassessment, and we have received detailed re-reports
from both, which | enclose below. As you will see, the reviewers state that the work has been satisfactorily enhanced by the
revisions and they can now support publication at the EMBO Journal, pending minor revision.

Thus, we are pleased to inform you that your manuscript has been accepted in principle for publication in The EMBO Journal.

Please carefully consider the remaining minor points still raised by the referees by adjusting the discussion of the results where
appropriate.

Also, we now need you to take care of a number of minor issues related to formatting and data annotation, as detailed below.

Please submit a revised version of the manuscript using the link enclosed below.

Thank you again for giving us the chance to consider your manuscript for The EMBO Journal, | look forward to hearing from you
and receiving your final revised version of the manuscript.

Best regards,

Daniel Klimmeck

Daniel Klimmeck PhD
Senior Editor
The EMBO Journal

Kkkkkk

Formatting changes required for the revised version of the manuscript:

>> Author Contributions: Remove the author contributions information from the manuscript text. Note that CRediT has replaced
the traditional author contributions section as of now because it offers a systematic machine-readable author contributions
format that allows for more effective research assessment. and use the free text boxes beneath each contributing author's name
to add specific details on the author's contribution.

More information is available in our guide to authors.
https://www.embopress.org/page/journal/14602075/authorguide

>> Please provide the main manuscript text as .docx file with a size below 20MB.



>> Update the headings and the order of the manuscript sections to: Abstract / Introduction / Results / Discussion / Methods /
Data Availability / Acknowledgements / Disclosure and Competing Interests Statement / References / Figure Legends /
Expanded View Figure Legends

>> Remove graphical abstract and highlights from the manuscript text.

>> Funding information: please add 'Herchel Smith PhD Studentship' and 'Research Support grant to Y.T.' to the list of funders
in our online system.

>> References: please adjust reference format to EMBO Journal format, 10 authors et al.; In the text of the manuscript, a
reference should be cited by author and year of publication; no more than two authors may be cited per reference; 'et al' should
be used if there are more than two authors (i.e. Smith & Jones, 2003; Smith et al, 2000). In the reference list, citations should be
listed in alphabetical order and then chronologically, with the authors' surnames and initials inverted; where there are more than
10 authors on a paper, 10 will be listed, followed by 'et al.".

>> Figures in separate files: Remove the main figures and EV figures from the manuscript text and move the figure legends to
the end of the manuscript and correct the nomenclature to "Figure EV1" etc. Remove the appendix from the manuscript text.

>>Appendix file with ToC: please move the figure legends underneath the corresponding figures and add a table of contents,
including page numbers. Please correct the nomenclature to "Appendix Figure S1" etc. .

>> Data availability section: Please remove the "Resource availability", "Lead Contact and "Materials availability" from the
manuscript text. Please also remove "Microscopy data reported in this paper will be shared by the lead contact upon reasonable
request.” and "Any additional information required to reanalyse the data reported in this paper is available from the lead contact
upon reasonable request.". Change wording from 'discussed' to 'generated' datasets. Add URLs for the data deposited in the
GEO database.

>> Add a separate 'Statistical Analysis' section to the Methods part, detailing the algorithms and statistical tests applied.

>> Please indicate redisplay of data from Fig 1F, 2E in the figure legend of Appendix Fig S9, between Fig 5F and Fig 3A, Fig 3B
and Fig 5A, Fig 3A and Fig 1F, respectively.

>> Consider additional changes and comments from our production team as indicated below:

Please note that the specific URLs for datasets (GSE312350, GSE314634) are not provided in the data availability statement.

- Figure legends:

1. Please note that the specific URLs for datasets (GSE312350, GSE314634) are not provided in the data availability statement.
2. Please note that the box plots need to be defined in terms of minima, maxima, centre, bounds of box and whiskers, and
percentile in the legends of figures 5B,B'; 6F-I.

3. Please note that information related to n is missing in the legends of figures 1E,E'; 2A,B'; 5B,B'; 6F-I.

4. Please note that scale bar and its definition are missing for figure EV-4C.

Further information is available in our Guide For Authors: https://link.springer.com/journal/44318/submission-

guidelines



Referee #1:

| thank the authors for their careful revision; they have addressed the major conceptual and experimental concerns raised in the
original review through new experiments, improved characterization of the explant model, and a more balanced interpretation of
the data. | believe the manuscript is now suitable for publication. Below are only a few minor suggestions that may further
strengthen the conceptual clarity and broader impact of the study.

Minor comments

1) To further highlight the conceptual advance, it would be helpful to more explicitly explain why the prevailing linear BMP—EMT
model is incomplete in explaining the coordination between EMT and fate specification, and how the proposed SNAI2-SMAD1-
BMP regulatory axis extends current understanding rather than simply adding another regulatory interaction.

2) Overall, the revised data support a model in which SNAI2 links an early EMT-associated cell state to SMAD1 expression and
BMP pathway activity. | encourage the authors to formulate their conclusions primarily around this SNAI2-SMAD1 regulatory
axis and present EMT as the broader biological context in which this mechanism operates. This framing more closely reflects the
experimental evidence while preserving the conceptual significance of the proposed model.

3) One interesting implication of the proposed model concerns its temporal organization. It is not entirely clear how the reader
should interpret the sequence of events proposed by the authors. The manuscript proposes that EMT initiation primes BMP
pathway activity through the SNAI2-SMAD1 axis, yet BMP pathway activity subsequently becomes restricted to EMT initiation
zones despite persistent SNAI2 expression in migrating cells. The revised data therefore define an early SNAI2-SMAD1-BMP
regulatory module, whereas later mesenchymal features, such as FN expression, emerge during EMT progression. This raises
the question of how the authors envisage the transition from this early signalling programme to the later migratory EMT
programme. More specifically, what molecular programmes are proposed to sustain the migratory state once the transient BMP
signalling phase has subsided? It would therefore be valuable if the authors could briefly discuss the conceptual relationship
between the early SNAI2-BMP signalling module and the later EMT programme. For example, do they envisage continued
SNAI2 activity, downstream EMT effector programmes, ECM remodelling (illustrated here by FN expression?), cell-ECM
interactions, or cytoskeletal remodelling as contributing to the maintenance of migration? Such discussion would clarify the
temporal logic of the proposed model and further strengthen its broader implications.

Referee #2:

The authors have successfully addressed most of my previous comments. | am still very enthusiastic about the manuscript and
even more so since the additional experiments, in particular the temporal analysis of the in vitro in terms of Snail2/Smad
activation events and the new Snail loss-of-function data, substantially strengthen the manuscript and increase its overall value.
Nevertheless, | still have a few remaining minor concerns that | believe need to be addressed to further improve the clarity and
readability of the manuscript before publication.

First, | am now convinced that the SNAIL2/SMAD1 HCR co-staining is genuine rather than an artefact, as the new images
clearly show specific staining.

| understand why the authors restricted their in vivo analyses to the primitive streak, as extending these experiments to the
neural crest would likely be technically challenging. However, | do not understand why similar pharmacological inhibition of
SMAD signalling could not be performed on PNP explants, given that the culture of these explants is already shown by the
authors in Figure 1B. Measuring the effect of SMAD inhibition on explant spreading would provide an additional functional test of
the proposed mechanism.

| appreciate that the authors moved the liquid-culture explant experiment into the main figures, as | had suggested, and that they
included an apoptosis analysis (Supplementary Figures). In my opinion, this remains one of the strongest pieces of evidence
supporting the conclusion that cell migration is required for pPSMAD1 upregulation. Otherwise, one could argue that BMP
signalling activation simply reflects the progression of the developmental programme following explant culture, independently of
migration. For this reason, | think the conclusions drawn in the text before this experiment should be phrased somewhat more
cautiously. Statements such as "Together, these findings suggest or indicate that substrate-induced cell migration triggers cell
fate responses across germ layers" would be more appropriate than "demonstrate."

Concerning SNAIL2 expression in the mesoderm, | appreciate the authors' explanation that Snail2 is likely required for the
maintenance of the mesenchymal state, and | agree that this is a plausible interpretation. | can now appreciate the weak Snail2
staining in the epiblast. However, pSMAD1 is also present in the epiblast and appears to extend beyond the Snail2-positive
domain, which likely contributed to my initial confusion. A brief discussion of this point could help readers. | also acknowledge



that the new summary figures (Supplementary Figures) greatly help in understanding the dynamics of the process. One point
where | still disagree with the interpretation concerns the statement that "The mesenchymal markers FN protein and HNK1
epitope appeared from 12 hours onwards (Fig. A4 & A5)." From the figures, both markers appear to be already detectable at 6
hours, although perhaps at lower levels. This statement should therefore be reconsidered.

Finally, as mentioned, the new Snail knockdown experiments represent a significant improvement to the manuscript. Because
these experiments now reveal a phenotype, | examined them more carefully than in the previous version and have a few
questions. First, unless | have overlooked it, | wonder whether the appropriate CRISPR control would be a non-targeting
(scrambled) sgRNA cloned into the same pCU6.3 vector together with PCAG-Cas9, rather than the PCAG-Cas9-only control, as
was done in the Williams et al. (2018) study cited by the authors. Second, | found Figures 6E-J difficult to interpret. It would be
helpful if the authors could explain the quantification procedure more clearly. From the figure legend, | infer that Citrine-positive
cells were segmented and used as a mask within which the HCR/immunostaining signal was quantified, but this is not entirely
clear. What exactly does the y-axis represent? n= number of cells | assume; what are the sample sizes (number of embryos and
independent experiments)? Were these measurements performed on embryos processed by double HCR, or were they
obtained independently? | could not find (maybe | missed it) these methodological details in either the main text or the
supplementary methods.

| found the distinction between the different axes of these quantitative analyses (Figures 6E-J) somewhat confusing. If |
understand correctly, some analyses reflect changes in overall expression levels (horizontal axis), whereas others quantify the
proportion of cells (vertical axis). For example, Figure 6H seems to indicate lower HCR signal per cell in fewer cells, whereas
Figure 61 appears to show reduced immunostaining signal in a larger proportion of cells. It is not entirely clear how these
measurements relate to one another. A more explicit explanation of what each analysis measures, and why multiple metrics
were used, would greatly improve the readability of this section. More generally, | feel that the manuscript currently devotes
considerable space to technical details that are not essential to the main narrative (for example, some aspects of the validation
of the CRISPR approach, which could easily be moved to the supplementary methods without detracting from the message),
while other key methodological aspects underlying the quantitative analyses (such as those in Figures 6H-J) would benefit from
a more detailed explanation.



2nd Authors' Response to Reviewers 8th Sep 2026

Referee #1:

| thank the authors for their careful revision; they have addressed the major conceptual and
experimental concerns raised in the original review through new experiments, improved
characterization of the explant model, and a more balanced interpretation of the data. |
believe the manuscript is now suitable for publication. Below are only a few minor
suggestions that may further strengthen the conceptual clarity and broader impact of the
study.

Minor comments



1) To further highlight the conceptual advance, it would be helpful to
more explicitly explain why the prevailing Linear BMP-EMT model Us
tncomplete iLn explaining the coordination between EMT and fate
specification, and how the proposed SNAI2-SMAD1-BMP regulatory axis
extends current understanding rather than simply adding another
requlatory interaction.

2) Overall, the revised data support a model in which SNAI2 links an early EMT-associated
cell state to SMAD1 expression and BMP pathway activity. | encourage the authors to
formulate their conclusions primarily around this SNAI2-SMAD1 regulatory axis and present
EMT as the broader biological context in which this mechanism operates. This framing
more closely reflects the experimental evidence while preserving the conceptual
significance of the proposed model.

3) One interesting implication of the proposed model concerns its temporal organization. It
is not entirely clear how the reader should interpret the sequence of events proposed by the
authors. The manuscript proposes that EMT initiation primes BMP pathway activity through
the SNAI2-SMAD1 axis, yet BMP pathway activity subsequently becomes restricted to EMT
initiation zones despite persistent SNAI2 expression in migrating cells. The revised data
therefore define an early SNAI2-SMAD1-BMP regulatory module, whereas later
mesenchymal features, such as FN expression, emerge during EMT progression. This
raises the question of how the authors envisage the transition from this early signalling
programme to the later migratory EMT programme. More specifically, what molecular
programmes are proposed to sustain the migratory state once the transient BMP signalling
phase has subsided? It would therefore be valuable if the authors could briefly discuss the
conceptual relationship between the early SNAI2-BMP signalling module and the later EMT
programme. For example, do they envisage continued SNAI2 activity, downstream EMT
effector programmes, ECM remodelling (illustrated here by FN expression?), cell-ECM
interactions, or cytoskeletal remodelling as contributing to the maintenance of migration?
Such discussion would clarify the temporal logic of the proposed model and further
strengthen its broader implications.



Referee #2:

The authors have successfully addressed most of my previous comments. | am still very
enthusiastic about the manuscript and even more so since the additional experiments, in
particular the temporal analysis of the in vitro in terms of Snail2/Smad activation events
and the new Snail loss-of-function data, substantially strengthen the manuscript and
increase its overall value. Nevertheless, | still have a few remaining minor concerns that |
believe need to be addressed to further improve the clarity and readability of the manuscript
before publication.

First, | am now convinced that the SNAIL2/SMAD1 HCR co-staining is genuine rather than
an artefact, as the new images clearly show specific staining.

| understand why the authors restricted their in vivo analyses to the primitive streak, as
extending these experiments to the neural crest would likely be technically challenging.
However, | do not understand why similar pharmacological inhibition of SMAD signalling
could not be performed on PNP explants, given that the culture of these explants is already
shown by the authors in Figure 1B. Measuring the effect of SMAD inhibition on explant
spreading would provide an additional functional test of the proposed mechanism.

| appreciate that the authors moved the liquid-culture explant experiment into the main
figures, as | had suggested, and that they included an apoptosis analysis (Supplementary
Figures). In my opinion, this remains one of the strongest pieces of evidence supporting the
conclusion that cell migration is required for pPSMAD1 upregulation. Otherwise, one could
argue that BMP signalling activation simply reflects the progression of the developmental
programme following explant culture, independently of migration. For this reason, | think the
conclusions drawn in the text before this experiment should be phrased somewhat more
cautiously. Statements such as "Together, these findings suggest or indicate that substrate-



induced cell migration triggers cell fate responses across germ layers" would be more
appropriate than "demonstrate."

Concerning SNAIL2 expression in the mesoderm, | appreciate the authors' explanation that
Snail2 is likely required for the maintenance of the mesenchymal state, and | agree that this
is a plausible interpretation. | can now appreciate the weak Snail2 staining in the epiblast.
However, pPSMAD1 is also present in the epiblast and appears to extend beyond the Snail2-
positive domain, which likely contributed to my initial confusion. A brief discussion of this
point could help readers. | also acknowledge that the new summary figures (Supplementary
Figures) greatly help in understanding the dynamics of the process.

One point where | still disagree with the interpretation concerns the statement that "The
mesenchymal markers FN protein and HNK1 epitope appeared from 12 hours onwards (Fig.
A4 & A5)." From the figures, both markers appear to be already detectable at 6 hours,
although perhaps at lower levels. This statement should therefore be reconsidered.

Finally, as mentioned, the new Snail knockdown experiments represent a significant
improvement to the manuscript. Because these experiments now reveal a phenotype, |
examined them more carefully than in the previous version and have a few questions. First,
unless | have overlooked it, | wonder whether the appropriate CRISPR control would be a
non-targeting (scrambled) sgRNA cloned into the same pCU6.3 vector together with PCAG-
Cas9, rather than the PCAG-Cas9-only control, as was done in the Williams et al. (2018)
study cited by the authors.

Second, | found Figures 6E-J difficult to interpret. It would be helpful if the authors could
explain the quantification procedure more clearly. From the figure legend, | infer that Citrine-
positive cells were segmented and used as a mask within which the HCR/immunostaining
signal was quantified, but this is not entirely clear. What exactly does the y-axis represent?



n= number of cells | assume; what are the sample sizes (number of embryos and
independent experiments)? Were these measurements performed on embryos processed
by double HCR, or were they obtained independently? | could not find (maybe | missed it)
these methodological details in either the main text or the supplementary methods.

| found the distinction between the different axes of these quantitative analyses (Figures
6E-J) somewhat confusing. If | understand correctly, some analyses reflect changes in
overall expression levels (horizontal axis), whereas others quantify the proportion of cells
(vertical axis). For example, Figure 6H seems to indicate lower HCR signal per cell in fewer
cells, whereas Figure 6l appears to show reduced immunostaining signal in a larger
proportion of cells. It is not entirely clear how these measurements relate to one another. A
more explicit explanation of what each analysis measures, and why multiple metrics were
used, would greatly improve the readability of this section. More generally, | feel that the
manuscript currently devotes considerable space to technical details that are not essential
to the main narrative (for example, some aspects of the validation of the CRISPR approach,
which could easily be moved to the supplementary methods without detracting from the
message), while other key methodological aspects underlying the quantitative analyses
(such as those in Figures 6H-J) would benefit from a more detailed explanation.



2nd Revision - Editorial Decision 9th Sep 2026

Dear Dr Steventon,

Thank you for submitting the revised version of your manuscript. | have now evaluated your amended manuscript and concluded
that the remaining minor concerns have been sufficiently addressed.

I am thus pleased to inform you that your manuscript has been accepted for publication in the EMBO Journal.

Your manuscript will be processed for publication by EMBO Press. It will be copy edited and you will receive page proofs prior to
publication. Please note that you will be contacted by Springer Nature Author Services to complete licensing and payment
information.

Please note that it is The EMBO Journal policy for the transcript of the editorial process (containing referee reports and your
response letter) to be published as an online supplement to each paper. If you do NOT want this, you will need to inform the
Editorial Office via email immediately. More information is available here: https://www.embopress.org/transparent-
process#Review_Process

You may qualify for financial assistance for your publication charges - either via a Springer Nature fully open access agreement
or an EMBO initiative. Check your eligibility: https://www.embopress.org/page/journal/14602075/authorguide#chargesguide

Should you be planning a Press Release on your article, please notify the production team via this form in order to coordinate
publication and release dates: https://forms.cloud.microsoft/e/eH4A8JVP6g

If you have any questions, please do not hesitate to contact the Editorial Office. Thank you for your contribution to The EMBO
Journal.

Thank you again for this contribution to The EMBO Journal and congratulations on a successful publication! Please consider us
again in the future for your most exciting work.

Best regards,

Daniel Klimmeck

Daniel Klimmeck, PhD
Senior Editor

The EMBO Journal
EMBO

Postfach 1022-40
Meyerhofstrasse 1
D-69117 Heidelberg
contact@embojournal.org

Kkkkk

Please note that it is The EMBO Journal policy for the transcript of the editorial process (containing referee reports and your
response letters) to be published as an online supplement to each paper. If you should prefer removal of any referee-only figures
included in the point-by-point response(s), e.g. because they may still be used for future publication or because they have been
reproduced from published work by others, please do let us know immediately via response email.

More information is available here: https://link.springer.com/partners/embo-press/editorial-policies#Peer%20review
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