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I have now received all the referees' reports on the above manuscript, and have reached a decision. 
The referees' comments are appended below, or you can access them online: please go to 
BenchPress and click on the 'Manuscripts with Decisions' queue in the Author Area. 
 
As you will see, the referees express considerable interest in your work, but have some significant 
criticisms and recommend a substantial revision of your manuscript before we can consider 
publication. If you are able to revise the manuscript along the lines suggested, which will involve 
numerous further experiments, I will be happy receive a revised version of the manuscript. Your 
revised paper will be re-reviewed by one or more of the original referees, and acceptance of your 
manuscript will depend on your addressing satisfactorily the reviewers' major concerns. Please also 
note that Development will normally permit only one round of major revision. 
 
Please attend to all of the reviewers' comments and ensure that you clearly highlight all changes 
made in the revised manuscript. Please avoid using 'Tracked changes' in Word files as these are lost 
in PDF conversion. I should be grateful if you would also provide a point-by-point response detailing 
how you have dealt with the points raised by the reviewers in the 'Response to Reviewers' box. If 
you do not agree with any of their criticisms or suggestions please explain clearly why this is so. 
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Reviewer 1 
 
Advance summary and potential significance to field 
 
Sayols et al. tackle a critical topic, gastric epithelial progenitor cell behavior (mostly in the 
embryo), and generate many interesting findings. However, the interpretation and conclusions are 
not well aligned with the data they actually show. The signaling pathways regulating gastric 
epithelial lineage differentiation choice are largely unknown, so, if reworked, the results here 
would be important for the field. 
 
Comments for the author 
 
To parse this manuscript, I have felt the need to analyze the data independent from the text of the 
Results, as I am confused by many of the authors' interpretations and terminology. I apologize for 
the length, but there are a great many observations that are worth unpacking so that the 
manuscript might enjoy a broader impact. 
 
The authors first perform some useful sc-RNA-Seq on early embryonic stomach which breaks down 
into meaningful cell clouds recognizable as the various expected cell types including a cloud of 
epithelial cells from the three portions of the stomach: forestomach (squamous, keratinized), 
corpus (where parietal and chief cells will develop), and antrum (the only place where Axin2>Lgr5 
has actually been shown to drive expression in an active, as opposed to induced, stem cell 
population). 
 
They note relatively strong Lgr5 expression in forestomach and corpus. Their sc data do not show 
particularly focused expression of Axin2; however, they go on to do RNA Scope for both Axin2 and 
LGR5 and see a distinct epithelial pattern for LGR5. Axin2 RNAScope shows diffuse labeling in 
epithelium and mesenchyme and strongly in mesothelial cells on peritoneal surface of the organ. 
The authors interpret the results somewhat differently. They use Axin2Cre-ERT with 
intrapreganancy tamoxifen to lineage trace the fate of cells expressing Cre off this promoter. Fig. 
2D shows relatively random-seeming cells in epithelial, mesenchymal, and mesothelial cells 
embryonically and rare unit or partial unit clones in adult. I would interpret all of these data as 
showing that Axin2 is not a particularly robust marker of any specific progenitor population and 
leave it at that. It does not seem appropriate to mention it as a progenitor cell marker in the 
abstract or in the Discussion or the final schematic. 
 
Surprisingly, there is essentially no tracing from Lgr5-EGFP-CreERT mice, despite EGF expression. 
The authors interpret this as being because the Cre after the IRES doesn't work, but making a 
conclusion based on that negative seems a jump. I assume this is the same allele used in other 
studies that show lineage tracing, so why should the first assumption be that it isn't working as 
advertised? How to rule out that the EGFP+ cells don't actually give rise to any lasting progeny? 
 
Based on the assumption that LGR5+ cells must be progenitors, they proceed to use them to 
generate embryonic epithelial organoids with cells from all regions of the stomach mixed together, 
such that some organoids are keratinizing-forestomach-like, others are glandular, and many are 
mixed. Corpus and antrum are admixed, but gene expression profiles suggest the antral cells are 
under-represented, though this may be an assumption, as I'm not sure that the same pattern of 
gene expression in embryonic corpus vs. antrum necessarily holds. vs. adult-derived, the embryonic 
organoids are more SOX2+ (expected, as forestomach is highly SOX2+), contain more cells 
expressing mature chief cell markers (interesting), have lower relative expression of mucous neck 
cell markers and similar, lower levels of pit and parietal cell markers. Axin2 and LGR5 are roughly 
the same.  
 
Because Axin2/LGR5 are Wnt-responsive, and they see Wnt+ cells from their sc-RNA-seq, they 
characterize Wnts. Though the authors interpret differently, to me it looks as though Wnt5a by 
RNA-Seq and RNAScope is strongly expressed in mesenchyme, particularly below the forestomach 
epithelium. Wnt5b is strikingly mesothelial with scattered mesenchymal and forestomach 
eptihelium expression. RSPO3 is mesenchymal by RNAScope (but mesothelial-mesenchymal by RNA-
Seq). RSPO1 is like Wnt5b, more mesothelial and more mesenchymal-forestomach. Withdrawing 
Wnt slows embryonic and adult corpus organoid growth and LGR5/Axin2, as expected. Chief cell 
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markers are decreased as are neck cell markers. Pit cell markers and pit cells are increased. In 
some interesting experiments, the authors inhibit Wnt in utero and show similar loss of PGC and 
LGR5 and gain of MUC5AC.  
 
They then proceed to BMP signaling, showing BMP4 in a distinct fibroblast/myofibroblast pattern 
with some mesothelial expression. BMPR1A is diffuse, including substantial mesenchymal expression 
that they do not state in their results. They show BMP inhibition increases Lgr5 and Sox2 mRNA only 
in embryo organoids and decreases some chief and parietal cell markers in both embryo and adult 
with large increases in pit cell mRNA in both ages. They state significant increase in LGR5+ 
embryonic cells in organoids and in embryonic stomachs, but the data presented are not 
particularly convincing that this is more than a subtle effect, if any. ATP4A parietal and MUC5AC pit 
cells are increased by BMP inhibition. 
 
Then they proceed to Notch. Notch2 is uniformly expressed by scRNA-Seq (what about Notch3/4? 
not detected), and Jagged is in a band of mesenchymal cells more underneath the glandular 
stomach. Notch inhibition increases LGR5, SOX2, some chief and mucous neck and parietal and 
endocrine and pit cell markers are also increased. 
 
A cartoon in fig. 6O attempts to summarize the data, but it doesn't seem particularly 
representative. For example, nothing in the data suggest Axin2+ is any kind of specific progenitor 
marker, so it should not be here. LGR5 may be. but the trouble is that it didn't trace from embryo, 
and, in adults, it marks mature chief cells that are normally not progenitors in the corpus (the 
antrum is underrepresented in the current studies per the data and per the authors, and we only 
know about LGR5 in the adult antrum anyway). Another sticking point is that the organoid in SF3B 
shows LGR5 not just in the basal, progenitor zone of the stratified squamous epithelium but in all 
levels, including differentiated cells, so it may be more a marker of forestomach epithelium than 
progenitors. 
 
The above interpretation issues can be easily addressed textually, but there is this deeper issue of 
how to sort out what the authors mean by a progenitor cell in the context of an early embryo, and 
why they have chosen this entity as the one they want to draw substantial conclusions about. They 
clearly have in mind that there is some distinct (long-lived) self-renewing population in the 
embryonic epithelium that gives rise to differentiated cells and should eventually be traced into 
the adult, but there is really no evidence that this has to be the case. The embryo could all be 
highly plastic without long-lived, self-renewing progenitors. None of these experiments help us 
figure this out, as there is no cell-type specific detail within the tissue. All analyses are taken 
independent of location in the stomach (forestomach vs. antrum vs. corpus) let alone within layers 
of forestomach or in bases vs. surfaces of gastric glands. In short, I don't think the authors can 
make many conclusions about progenitor cells (just overall patterns of differentiation) without 
many new experiments. 
 
In general, there is a great deal of switching back and forth between antrum-corpus, organoids vs in 
vivo, adult vs embryo, and it is difficult to follow a narrative thread. 
 
More precise interpretations of the in situ studies (label where everything is anatomically, more 
higher power views) is warranted. 
 
The role of certain progenitor markers like LGR5 and SOX2 is problematic in the adult (SOX2 is 
expressed at the protein level in diverse cells in the stomach, so it is only its promoter that can 
drive stem cell activity, which may be due to plasticity), so assuming that they will play the same 
role in the embryo is dodgy (plus, as mentioned above, they may be more forestomach or antral 
specific than stem cell specific). 
 
There are quite a number of jumps from the fact that BMP, Notch, Wnt signaling may be required 
for lineage allocation to saying that this signaling dictates these switches. There really are no 
experiments here to determine sufficiency, just those that show necessity. 
 
Again, what is exactly an embryonic progenitor? One would expect at these early stages, most cells 
would be actively mitotic as opposed to in set niches (the small intestine doesn't even generate its 
crypts with adult LGR5+ stem cells until weeks AFTER birth). Beyond that, the authors tend to lump 
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all the epithelial regions together (in particular in the organoids). The problem with that is LGR5 
and SOX2 may be more forestomach in general, so changes in expression in those may represent not 
changes in progenitor cells but changes in squamous vs. glandular differentiation. AXIN2 may be 
more antral than corpus and forestomach so its behavior may reflect only the lower representation 
of antral cells. 
 
More specific points: 
p. 3 "Furthermore, neonatal Lgr5+ cells contribute to the mature glandular epithelium during 
stomach homeostasis" I would specify this is true of the antrum, not known to be true of 
forestomach and definitely not true of corpus. 
 
Bockerstett et al. in Gut had a recent paper on sc-RNA-Seq of adult lineages. This might be useful 
in interpreting the data here. 
 
The authors use Muc1 frequently throughout the manuscript, including using it on page 5 to state 
that because 40% of epithelial cells express it, that says something about the state of 
differentiation at E13.5. What is MUC1 a marker of, and how does it inform about differentiation 
state? 
 
All of the RNAScope/tissue work would be improved with some guides for readers for where FS, 
Corpus, Antrum are and where mesothelial/muscle and mesenchyme/epithelium is. 
 
That LGR5 is highest in the corpus (bottom page 6 and Fig. 2A) is interesting, as it is a marker of 
mature chief cells in adult corpus, so could it not be that it is doing the same thing here, and that 
is why it is not a progenitor marker for lineage tracing but, rather, works only in the plasticity-
inducing setting of organoid culture? That would be in keeping with how LGR5 behaves in adult 
corpus. 
 
The descriptions of the in situ at top of p. 7 don't match the data. The data show LRIG1 is relatively 
non-specific. RUNX1 is diffusely gastric epithelial. Troy seems non-speccific. 
Nomenclature: mouse proteins should be non-italics but All Caps (not first letter caps). The mRNA 
and gene name nomenclature (ital, first letter cap) are correct. 
 
The 22 +/-2 clones seen in adults from embryonic induction of Axin2 lineage tracing is surprising. 
How many mice was this from? What's surprising is that Axin2 tracing in embryo is relatively 
random, the clones in adult are exceedingly rare and randomly distributed. How can it be possible 
that exactly 22, give or take 2, clones are consistently seen? Were there ever mice with 0? In any 
case, as discussed above, the Axin2 story in general does not add much to this manuscript. I'd be 
tempted to have it all in supplemental data for completeness's sake. 
 
The orientation of 2G should be given (where is pit/lumen and base? Where are the glands?). Just 
as for embryo, the adult localization studies should have some guideposts for readers who don't 
know the corpus of the stomach. 
 
Another interpretation of the failure of Lgr5- cells to form organoids is that the conditions for 
teasing out progenitor activity after cell isolation by flow and culturing as an organoid favors LGR5+ 
cells. The sorting and culturing induces stressors that make the cells behave differently from in 
vivo. 
 
The fact that Axin2+ and negative cells have the same CFU potential would seem again to say that 
Axin2 doesn't mark any specific progenitor population. 
 
Note that (p. 8, bottom) only MIST1 is relatively specific to corpus; PGC and GIF are also expressed, 
at lower level, in antrum. 
 
p. 9 Doesn't the fact that there are few parietal, and especially, pit cells in the organoids suggest 
that the organoids are not representative of in vivo embryos, so interpreting LGR5 progenitor cell 
behavior in vivo from these ex vivo studies is problematic. Note that I don't think the imbalanced 
lineages vs. in vivo conditions negates any of the signaling pathway studies, which are still 
informative. 
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Fig. S3B seems to show a forestomach organoid with keratinization in the lumen. Only about 2 to 3 
o'clock shows glandular epithelium. 
 
Figs 3O-P the authors must be careful about looking for glandular epithelial markers in glandular 
epithelium, not stratified, so the red label here is likely just keratin non-specific reaction so the 
authors are correct to state that ATP4B staining is lacking, but there would never be ATP4B+ 
parietal cells in this stratified squamous organoid, so this actual image is not informative. 
 
p. 10 WNT5A: the authors state is in a subset of glandular cells, yet looks overwhelmingly 
mesenchymal. WNT5B looks overwhelmingly mesothelial with scattered mesenchymal. The 
epithelial label is not easy to appreciate in images shown. RSPO1 also seems highly mesothelial. 
 
In many panels (eg 4H-K) the authors say "WT" for animals not administered drug. This is not exactly 
true, as all the animals are wildtype. Some are treated, some not. 
 
"led to a strong loss of Gif (25 fold) and Pgc-positive cells (8 fold) (Figures 4F, 4H-I)." Is there 
somewhere where positive cells were actually counted and the data shown? Where are these 
numbers from? 
 
Top of page 11. Adult corpus has LGR5 in subset of mature chief cells that can plasticly after injury 
be progenitors. That is not the same as saying that LGR5 is an embryonic progenitor. In adults, 
LGR5 IS a CHIEF cell marker. Actually, SOX2 in adults is also most expressed in chief cells, though 
I'm not sure this has been published. AXIN2 has been characterized as an antral progenitor 
primarily. So the depiction here of AXIN2 and LGR5 as progenitor cell markers is imprecise. 
 
"Thus, we conclude that together with promoting progenitor proliferation, Wnt signalling enhances 
differentiation of gastric progenitors towards zymogenic/chief cells as well as parietal cells but 
severely inhibits their commitment to pit cell lineage." The authors show requirement here, not 
really necessity. 
 
p. 11 BMPR1A also has prominent mesenchymal staining, which is consistent with studies showing 
its loss in mesenchyme also induces GI polyps. 
 
 "the analysis is too short for the full differentiation of the ectopic zymogenic cells." What are 
ectoptic chief cells? 
Fig. 5E Because it is not clear LGR5 is a progenitor marker, the data do not support that BMP 
inhibits "the number of gastric embryonic progenitors". (same for the statement at the bottom of p. 
12 "Thus, Bmp signalling limits the number of the embryonic gastric progenitors as well as their 
differentiation along the pit cell lineage but it supports their differentiation along the parietal cell 
lineage." 
 
In support of the point above that PGC is not exclusive to corpus, the authors state: 'sections 
revealed that Pgc expression was downregulated in Lgr5+ corpus cells but was strongly increased in 
the antral epithelium of' 
 
Jag1 looks overwhelmingly in mesenchyme, not "in both epithelial and mesenchymal cells" 
 
p. 13 "Finally, both Lgr5 and Sox2 but not Axin2 were upregulated upon loss of Notch signalling in 
the embryonic stomach" yet again suggesting a lack of important role for AXIN2 
 
p. 14 "in Lgr5+ cells reflects its expression in the ectopic neck/chief secretory cells" Why is this 
ectopic? LGR5 is normally expressed in corpus in chief cells. 
 
p. 14 "embryos, Notch inhibition induced expression of Atp4a 2 fold in organoids (Figure 6C). In 
contrast to the results in embryos, inhibition of Notch signalling" How much of the changes in 
representation of lineages is due to one lineage dying (vs. the other expanding)? 
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p. 14 "consistent with previous studies showing that Notch inhibition does not have profound effects 
on differentiation of the adult stem/ progenitor cells (Kim" I'm not sure those studies showed no 
effects of Notch inhibition on differentiation. What do the authors mean here? 
 
"Axin2+ progenitors generate stem cells in corpus, whereas Lgr5+ progenitors give rise to both 
corpus and forestomach stem cells." What is the evidence for this? 
 
"In contrast, Bmp and Notch signals limit the number of Lgr5+ cells during embryogenesis." Even 
within the organoids (see above), this is not clear. Extrapolation to the in vivo situation is highly 
problematic. A quarter of embryonic cells were LGR5+ yet none could be traced into adult. Why is 
it not natural to assume that the LGR5+ cells are transient or non-plastic in vivo? In intestines, 
LGR5+ stem cell activity does not kick in until weeks after birth as the crypts form and become the 
LGR5+ stem cell niche. Why should the stomach be expected to have LGR5+ cells early 
embryonically that somehow persist (or to have derived progeny persist) into adulthood? 
 
Again, this "Based on the results of the organoid assays, we propose that adult gastric stem cells in 
the corpus are largely coming from Lgr5+ progenitors." is just not supported here. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
Summary: 
In this manuscript the authors describe an analysis of putative progenitor cells found in the 
different regions of the midgestation mouse stomach using a lineage tracing approach with Axin2 
and Lgr5 Cre lines. Given the current limited understanding of embryonic cell types in the 
developing stomach this is an important study. Analysis of several hundred single cells from an 
e13.5 stomach showed that epithelial cells of the three main regions could be identified, as well as 
the ENS and mesenchymal fractions. Lineage tracing with Axin2-CreER show that the stomach of 
e13 embryos have 9% Axin expressing cells, yet few of those give rise to adult glands. Lgr5-CreER 
lineage tracing was poor and none of these cells contributed to the adult stomach. Isolated Lgr5-
expressing cell were highly competent to form gastric organoids suggesting that Lgr5 cells are 
embryonic progenitors capable of expanding in culture and differentiating into different gastric 
lineages. Lastly the authors used a combination of organoids and embryos (presumably embryo 
cultures but no methods were included) to investigate the role of Wnt, BMP, and notch signaling in 
gastric cell development.  
 
There are many strengths to this manuscript, the biggest being a technically diverse approach to 
study the developing stomach. However, there are also several weaknesses that lessen the impact 
of this important body of work. Several of the conclusions are not supported by the data and/or are 
overstated. Also, most of the analyses focus on a limited window of development when several key 
differentiated cell types are not normally present. Lack of cellular quantification and regional-
specific markers analysis make it difficult to interpret differentiation changes in vivo. The 
inhibition of WNT, BMP, or Notch pathways in developing embryos could cause broad developmental 
issues that may secondarily cause changes in cell differentiation. 
 
Comments for the author 
 
Major concerns: 
 
Sigal M et al. Nature 2017 show that Axin2 is predominately an adult antral stem cell marker and 
Axin2 is rare in the fundus/corpus and did not give rise to entire glands. In current study, at E13.5 
Axin2 appears highest in forestomach similar to that of TOP-GAL and Axin2-lacZ reporter mice (Kim 
et al. Dev Cell 2005, McCracken et al. Nature 2017). Flow cytometry and images in Fig 2D do not 
clearly reveal gastric regions of Axin2 progeny. Long term lineage tracing experiments indicate 9.4% 
of total cells were labeled with axin2-cre but only a tiny number of glands were labeled in the 
adult. Moreover embryonic Axin2 does not give rise to adult forestomach or antrum, and Axin2+ and 
Axin2- cells/progeny both have low colony forming potential. This supports the conclusion that 
Axin2 is largely marking a transient population of cells at e13.5 and does not label cells that persist 
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postnatally. Therefore the conclusion that “Axin 2 cells are embryonic stem cell progenitors” would 
appear inaccurate and overstated. There is a general concern about the use of the term stem cells 
throughout the manuscript. While the definition of Stem cells can vary, two concepts appear to be 
consistent in most definitions. Stem cells are a stable population of cells that have the abilities to 
make exact copies of themselves and differentiate into multiple lineages. The cells in a developing 
organ are constantly changing and transitioning until they reach a steady state in the postnatal 
organ. I therefore prefer the term progenitor cells over stem cells in the context of the developing 
embryonic stomach.  
 
As labeling efficiency with Lgr5-cre was low a similar analysis could not be performed. In leu of this 
the authors sorted Lgr5-GFP cells and observed that the Lgr5-GFP cells were highly competent for 
form organoids. Considering the vast majority of observed Lgr5 transcript is in the corpus region, it 
is unclear why isolated Lgr5 organoids have forestomach characteristics like expression of keratins. 
Also its curious that that there are few Lgr5 cells in the antrum given the fact that Lgr5 marks 
antral stem cell the adult. It is not quite clear from the images in figures 2 and 4 where these cells 
are in the embryonic stomach. High magnification images of Lgr5-GFP cells in the embryonic 
stomach along with regional markers may help clarify this. 
 
Lgr5 transcript appears only in corpus epithelium and in situ transcripts show localization usually 
around the columnar squamous junction of greater curvature (Figure 3-5) or further posterior 
(Figure 2C, 4B-C), but these might be differences in sectioning plane. High magnification images of 
Lgr5-GFP embryonic stomach may help support regional identity of the 15% of cells isolated by 
FACS. Given that the Lgr5 transcripts are largely in the “corpus” region, it is unclear why isolated 
Lgr5 organoids also have forestomach character. Also since most literature shows Lgr5 expressed in 
the antrum one might expect antral organoids to be present in these cultures. This could be a 
function of the culture conditions that favor corpus growth. Did the authors try antral culture 
conditions? The methods section does not describe adult corpus organoid culture.  
 
The analysis of foregut and mixed organoids would need to be done by quantitative 
immunofluorescence of regional markers to draw any conclusions. It is unclear how Figure 3F and 
6C are normalized and organoids with squamous/mixed vs columnar morphologies should probably 
be analyzed separately to draw correlations with morphology and regionality. The positive control 
staining of differentiation markers in the adult mouse stomach would suggest that the organoids 
isolated from the embryonic stomach have similar levels of protein expression. This seems unlikely 
as even organoids from the adult stomach have very poor differentiation of cell types, especially 
parietal cells. Along those lines the staining of the organoids is somewhat unconvincing, especially 
for ATP4a. The stained organoids are shown next to the adult glands but quantitatively what is the 
level of these markers in organoids relative to adult glands?  
 
In general the conclusions about regionality of sections, sorted cells and organoids is uncertain. Did 
the authors dissect regions first and then sort cells for organoid generation? In figure 3 the legend 
concludes that different organoid morphologies mean that these are organoids from different 
regions of the stomach. This seems impossible to conclude based on morphology alone. In any case 
they would need to confirm regionality of sections and organoids with better markers. Sox2, Pdx1 
and Cdx2 are essential regional markers. Many of the intestinal markers in 3f are not expressed in 
embryonic cells and are therefore not informative to determine if duodenal cells were present in 
the dissection. Similarly it not clear if all pancreatic tissue was removed and two of the “antral 
markers” Pdx1 and Nkx6.3 are not antral specific. Do Ascl1 or CD44 arise in epithelial populations 
or just mesenchymal? Ascl1 is thought to be an endocrine cell progenitor marker and CD44 has been 
characterized as a gastric and intestinal epithelium stem/progenitor marker. Is Barx1 or sFRPs 
detected in the mesenchymal populations (Kim et al. Dev Cell 2005)? 
 
A number of markers mentioned in text do not appear in the referenced figures. For instance, 
mentioned duodenal markers Areg1, Lgals4, and Nepn (Figures 1E and S1B) are not present, but 
none of these markers are shown. The use of more established duodenal/intestinal genes, such as 
Cdx2, would better validate microdissection removed duodenum. Likewise, demonstrate that 
pancreatic tissue was removed considering Pdx1 and Nkx6.3 are not antral specific. Do Ascl1 or 
CD44 arise in epithelial populations or just mesenchymal? Ascl1 is thought to be an endocrine cell 
progenitor marker and CD44 has been characterized as a gastric and intestinal epithelium 
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stem/progenitor marker. Is Barx1 or sFRPs detected in the mesenchymal populations (Kim et al. 
Dev Cell 2005)? 
 
You detected Lrig1, Troy, Runx1 in embryonic epithelium, and these appear more abundant that 
Axin2 and Lgr5. Although not fitting the WNT narrative, do these markers potential represent 
better markers of gastric embryonic progenitors? 
 
The gastric gland schematic is representative of the adult gland cellular heterogeneity, but the 
most robust differentiation markers are not yet expressed at E13.5. This schematic could be 
modified to include regional markers, morphology, and cell types representative of E13.5 gastric 
tissue. 
 
We had several questions about the experiments that focused on manipulation of the Wnt, BMP and 
notch pathways. As stated, differentiation is only initiating at E13.5 and the majority of markers of 
terminally differentiated cells are lowly expressed at this timepoint. The majority of terminal 
differentiation, particularly of parietal and chief cells, arise during late gestation and postnatally in 
the mouse stomach. Therefore it’s not entirely clear if this expression represents true 
cytodifferentiation. In addition, inhibiting Wnt, BMP, Notch in whole embryos across several days of 
embryonic development will certainly lead to broad changes in organ development, including 
gastric patterning as reported by others. Therefore a change in parietal cell markers could just as 
easily be due to mispatterning of the stomach and a conversion of the corpus region to that of an 
antral fate (and vice versa). More information can be inferred by short treatments of organoids 
where changed in differentiation markers are seen. Nonetheless the authors need to show that the 
regional identity of the organoids and treated embryonic stomach hasn’t changed.  
 
Treatment of embryos with WNT, BMP, or Notch inhibitors likely causes gastric progenitor 
populations to exit the cell cycle and potentially differentiate prematurely, but 16 hours inhibition 
appears to be insufficient to cause many significant changes, besides increased Muc5ac transcript 
with WNT, BMP, or Notch inhibition. This suggests maybe Muc5ac is the default cell type of these 
early gastric progenitors. It is difficult to interpret decreases in cell types that are not yet 
differentiated at E13.5. Therefore, it seems overstated that parietal cell differentiation is WNT 
dependent, when Atp4a is barely expressed in controls. According to McCracken et al Nature 2017 
WNT is required for fundic patterning and therefore parietal cells. Adult corpus organoids show 
little to no Atp4a or GIF expression and therefore conclusions of decreased parietal and chief cells 
with WNT or BMP inhibition is not clear. The role of WNT in chief cell and BMP on parietal cell 
differentiation has been previously reported. Endocrine cells and apoptosis are only assessed in 
Notch inhibition and proliferation is only assessed with Wnt inhibition, but these should be done for 
other conditions. 
 
The orientation and magnification of sections make it difficult to assess regional gastric identity 
(forestomach vs corpus vs antrum) without a regional specific counterstain. Therefore, it is difficult 
to tell if sections are comparable between conditions and/or make region-specific conclusions. A 
lot of sections appear not to contain significant antral epithelium, which could be shown by Pdx1 
staining. There also are sometimes differences based on greater and lesser curvature of the 
stomach. Quantification of cell numbers is needed to demonstrate if observed change is in the cell 
number or transcript per cell. IHC or flow cytometry would be more quantitative than RNA-Scope. 
In addition to cell types, proliferation and apoptosis could be quantified. Do not clearly show or 
quantify differences in stomach size with WNT inhibition. Changes in expression of Lgr5 and Sox2 
transcript does not prove expansion of fetal progenitors. The modest increase in Lgr5-EGFP+ cells 
with BMP and Notch inhibition is promising but should show change in colony forming efficiency of 
embryonic organoids, especially considering the transcriptional changes were not reproduced in 
adult corpus organoids.  
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First revision 
 
Author response to reviewers' comments 
 
I thank both reviewers for their time, for sharing their thoughts and expertise. I would like to 
summarize some of our new results and conclusions, which we could draw from the new data sets. 
Please, also see PDF document of the Response to Reviewers for easier reading. 
 
1. RNA scope in situ hybridization analyses using both region–specific markers, such as Trp63 
(forestomach), Cym (corpus) and Nkx6-2 (antrum), together with cell type specific markers, 
including Lgr5, Pgc, Muc5ac and Tff2. We have defined domains of the embryonic stomach where 
the changes in marker gene expression took place upon inhibition of WNT, BMP or Notch signals. We 
found that: 
 
a) WNT, BMP and Notch signals negatively regulate expression of pit cell marker Muc5ac in 
both corpus and antrum. This implies that all pathways are active in both glandular domains of the 
embryonic stomach; 
 
b) Notch signals inhibit the expression of Tff2 (neck cell marker) and Pgc (chief cell marker) 
specifically in the antrum. 
 
2. Ex vivo organoid assays. We have isolated both embryonic Lgr5+ and Lgr5- cells and have 
cultured them in 4 different conditions, such as (1) WNT, EGF, Noggin, R-Spondin1, FGF10, (2) EGF, 
Noggin, FGF10, (3) WNT, EGF, R-Spondin1, FGF10, (4) WNT, EGF, Noggin, R-Spondin1, FGF10, + 
Notch inhibitor. We have quantified colony forming efficiency, performed qPCR analyses using 
region and cell type specific markers, and assessed cellular composition, proliferation and apoptosis 
for each type of organoids. We found that: 
 
a) Only organoids derived from Lgr5+ cells do express chief cell markers at significant levels. 
Further, only Lgr5+ derived organoids express parietal cell marker Atp4a. Therefore, embryonic 
Lgr5+ cells are functionally different to Lgr5-negative in their capacity to specify towards chief/ 
parietal cell lineages; 
 
b) Both Lgr5+ and Lgr5- embryonic epithelial cells are plastic at E13.5 and can give rise 
either to corpus or antrum-like organoids depending on the signalling molecules present in culture; 
 
c) While WNT and Notch signals are required for the maintenance of the corpus identity, 
BMP signals are sufficient to promote the antrum identity. 
 
3. Immunostaining using both region–specific markers, such as p63 (forestomach), ISL1 (corpus) 
and NKX6-3 (antrum), together with Axin2:tdTomato+ progenies. We found that already by E16.5 
Axin2:tdTomato+ clones could be found predominantly in the forestomach. However, we have never 
observed clones of Axin2+ progenies in the adult forestomach. Therefore, we conclude that Axin2+ 
cells mostly represent a transient population of embryonic forestomach epithelial cells at E13. 
 
 
Point to point answers to the referees’ comments 
 
Below are our answers to the referees’ comments. For the sake of clarity, the text from the referees 
is in italics, whereas our answers are in plain text. 
 
Reviewer 1 
 
We are very glad that the referee finds our work interesting and important to the field: 
 
“Sayols et al. tackle a critical topic, gastric epithelial progenitor cell behavior (mostly in the 
embryo), and generate many interesting findings… The signaling pathways regulating gastric 
epithelial lineage differentiation choice are largely unknown, so, if reworked, the results here 
would be important for the field.” 
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However, the expert expressed concerns about interpretations and conclusions:  
 
“However, the interpretation and conclusions are not well aligned with the data they actually 
show.” 
 
 
Reviewer 1 Comments for the Author: 
 
They note relatively strong Lgr5 expression in forestomach and corpus. Their sc data do not show 
particularly focused expression of Axin2; however, they go on to do RNA Scope for both Axin2 and 
LGR5 and see a distinct epithelial pattern for LGR5. Axin2 RNAScope shows diffuse labeling in 
epithelium and mesenchyme and strongly in mesothelial cells on peritoneal surface of the organ. 
The authors interpret the results somewhat differently. 
 
Here, we gave a priority to the epithelium. The description in mesenchyme and mesothelium is on 
the second position. We have also included new results from double in situ hybridization showing 
that Lgr5 is expressed in Trp63+ forestomach epithelium as well as in Cym+ corpus epithelium but 
absent in Nkx6-2+ antral epithelium. 
 
In the revised version of the manuscript it reads as: ”RNA in situ hybridization analysis confirmed 
that Axin2 was broadly expressed in the stomach epithelium, with the strongest expression in the 
forestomach, and in the mesenchyme as well as mesothelium (Figure 2B). Lgr5 positive cells were 
confined to the Cym positive corpus epithelium (Figure 2D). Furthermore, Lgr5 was weakly 
expressed in the Trp63-positive forestomach epithelium (Figure 2C) and Nkx6-2 positive antrum 
(Figure 2E).” 
 
 
They use Axin2Cre-ERT with intrapreganancy tamoxifen to lineage trace the fate of cells expressing 
Cre off this promoter. Fig. 2D shows relatively random-seeming cells in epithelial, mesenchymal, 
and mesothelial cells embryonically and rare unit or partial unit clones in adult. I would interpret 
all of these data as showing that Axin2 is not a particularly robust marker of any specific progenitor 
population and leave it at that. It does not seem appropriate to mention it as a progenitor cell 
marker in the abstract or in the Discussion or the final schematic. 
 
We agree with the referee. Our new results showed that Axin2+ progenies form clones in p63+ 
forestomach epithelium (Figure 2G) at E16.5. However, we have never observed either LacZ+ (5 
mice analyzed) or tdTomato+ cells (3 mice analyzed) in the adult forestomach. We have observed 
only 3 Axin2-tdTomato+ cells across 5 stained sections in ISL1+ corpus epithelium at E16.5. We did 
not detect Axin2-tdTomato+ cells in Nkx6-3+ antral epithelium. Thus, we conclude that Axin2+ cells 
mostly represent a transient population of embryonic forestomach epithelial cells at E13. 
 
The text in the abstract, results part and discussion was modified accordingly. We have also 
modified the final schematic of the model. 
 
Surprisingly, there is essentially no tracing from Lgr5-EGFP-CreERT mice, despite EGF expression. 
The authors interpret this as being because the Cre after the IRES doesn't work, but making a 
conclusion based on that negative seems a jump. I assume this is the same allele used in other 
studies that show lineage tracing, so why should the first assumption be that it isn't working as 
advertised? How to rule out that the EGFP+ cells don't actually give rise to any lasting progeny? 
 
Yes, we have used Lgr5-EGFP-CreERT mouse generated in Hans Clevers laboratory. Why Lgr5+ cells 
could not be labelled in the embryonic stomach is unknown. 
 
We do agree that assumption about the discrepancy in EGFP versus CRE is speculation. We have 
deleted this sentence. 
 
To rule out that it is labelling problem and not that the EGFP+ cells don't actually give rise to any 
lasting progeny, we have performed FACS analysis and quantified percentages of the 
EGFP+tdTomato+ cells 24 hours after TAM application (Figures 3B and S3A). From our previous 
experiments using Lgr5-EGFP- CreERT in the embryonic small intestine (or other Cre-ERT mouse 
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lines), we know that 24 hours is sufficient for cell labelling (Nigmatullina et al., 2017). Our FACS 
results showed that there is 15% of EGFP+ cells at E13.5 but only 0.2% of EGFP+tdTomato+. 
Importantly, around 15% of EGFP+ cells we also detect in control embryos, not treated with TAM, 
ruling out the possibility that most of Lgr5+ cells die because of TAM. Thus, we conclude that we 
cannot label the cells. 
 
Based on the assumption that LGR5+ cells must be progenitors, they proceed to use them to 
generate embryonic epithelial organoids with cells from all regions of the stomach mixed together, 
such that some organoids are keratinizing-forestomach-like, others are glandular, and many are 
mixed. Corpus and antrum are admixed, but gene expression profiles suggest the antral cells are 
under-represented, though this may be an assumption, as I'm not sure that the same pattern of 
gene expression in embryonic corpus vs. antrum necessarily holds. vs. adult-derived, the embryonic 
organoids are more SOX2+ (expected, as forestomach is highly SOX2+), contain more cells 
expressing mature chief cell markers (interesting), have lower relative expression of mucous neck 
cell markers and similar, lower levels of pit and parietal cell markers. Axin2 and LGR5 are roughly 
the same. 
 
We apologies for not explaining how the analysis of the gene expression was performed in organoids. 
To analyze the expression of glandular markers, only glandular “transparent” organoids were used. 
For the analysis of the forestomach markers only “dark” keratinized organoids were used. This was 
done by collecting each type of organoids using a pipette. We have added the description of the 
procedure in the methods part. 
 
We have also included new data on the expression of the marker genes from adult corpus glands 
that the readers could compare at which levels these markers are expressed in the Lgr5+ and Lgr5- 
and adult corpus derived organoids. 
 
Based on a very high level of Cym (corpus specific marker) expression, over 5000 fold compared to 
Tbp, and not detectable (or less than Tbp) Pdx1 expression levels, we conclude that both Lgr5+ and 
Lgr5- cells gave rise to corpus – like organoids in WENRF culture. In contrast, in the absence of WNT 
signals or Notch signals, in the presence of BMP, Lgr5+ and Lgr5- cells develop into antrum-like 
organoids. The new results on both Lgr5+ and Lgr5- derived organoids cultured in 4 different 
conditions is now included in Figures 4, S4, 5, S5, 6 and S6. 
 
Because Axin2/LGR5 are Wnt-responsive, and they see Wnt+ cells from their sc-RNA-seq, they 
characterize Wnts. Though the authors interpret differently, to me it looks as though Wnt5a by 
RNA-Seq and RNAScope is strongly expressed in mesenchyme, particularly below the forestomach 
epithelium. Wnt5b is strikingly mesothelial with scattered mesenchymal and forestomach 
eptihelium expression. RSPO3 is mesenchymal by RNAScope (but mesothelial-mesenchymal by RNA-
Seq). RSPO1 is like Wnt5b, more mesothelial and more mesenchymal-forestomach. 
 
Following the comment of the referee, we have changed the text. Now it reads as: “scRNA-
sequencing and RNA in situ hybridization analyses of the embryonic stomach at E13.5 revealed that 
Wnt5a was expressed in the mesenchyme and at low levels in a subset of epithelial cells (Figures 
4A-4B). Wnt5b was detected in the forestomach and corpus epithelium (Figure 4A) as well as in a 
few mesenchymal cells, with highest expression in the mesothelium (Figure 4C). Furthermore, both 
R-spondin 1 (Rspo1) and R-spondin 3 (Rspo3), which enhance Wnt signalling, were highly expressed 
in mesothelium and in subpopulations of mesenchymal cells (Figures 4A, 4D-4E).” 
 
They then proceed to BMP signaling, showing BMP4 in a distinct fibroblast/myofibroblast pattern 
with some mesothelial expression. BMPR1A is diffuse, including substantial mesenchymal 
expression that they do not state in their results. 
 
We have stated it as: “In agreement with previous studies, Bmp receptor 1a (BmpR1a) was 
ubiquitously expressed in the embryonic stomach (Figure 5C).” 
 
They show BMP inhibition increases Lgr5 and Sox2 mRNA only in embryo organoids and decreases 
some chief and parietal cell markers in both embryo and adult with large increases in pit cell mRNA 
in both ages. They state significant increase in LGR5+ embryonic cells in organoids and in embryonic 
stomachs, but the data presented are not particularly convincing that this is more than a subtle 
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effect, if any. 
 
Using quantitative FACS analysis we do observe a significant increase in Lgr5+ cells upon inhibition 
of BMP signalling in vivo (Figure 5E). Our new ex vivo results using Lgr5+ and Lgr5- derived organoids 
cultured in the presence of BMP signals (WERF medium) or BMP inhibitor Noggin (WENRF medium) 
also showed that Lgr5 was upregulated in organoids upon BMP inhibition (Figure 5D). However, we 
have also noticed that BMP signals promote antrum identity within gastric epithelial cells (Figure 
5G, 5K). Therefore, we think that the changes in Lgr5 expression in organoids is due to changes in 
cell identity – corpus in WENRF, antrum in WERF. Yet, in vivo BMP signalling limits the number of 
Lgr5+ epithelial cells. 
 
ATP4A parietal and MUC5AC pit cells are increased by BMP inhibition. 
 
In accordance with previously published results, we did observe downregulation of Atp4a expression 
upon loss of BMP signalling in vivo (Figure 5G, 5P-Q). 
 
A cartoon in fig. 6O attempts to summarize the data, but it doesn't seem particularly 
representative. For example, nothing in the data suggest Axin2+ is any kind of specific progenitor 
marker, so it should not be here. LGR5 may be. but the trouble is that it didn't trace from embryo, 
and, in adults, it marks mature chief cells that are normally not progenitors in the corpus (the 
antrum is underrepresented in the current studies per the data and per the authors, and we only 
know about LGR5 in the adult antrum anyway). 
 
We agree with the referee. The cartoon is modified according to the new data from double in situ 
hybridization using domain specific markers and Lgr5+ and Lgr5- derived organoids grown in four 
different culture conditions. 
 
Another sticking point is that the organoid in SF3B shows LGR5 not just in the basal, progenitor 
zone of the stratified squamous epithelium but in all levels, including differentiated cells, so it 
may be more a marker of forestomach epithelium than progenitors. 
 
We apologize for not labelling/ explaining fully the image in Figure S3B. The faint green staining 
comes from a pan-membrane fluorescent dye and not from Lgr5-EGFP. After 1 hour fixation, Lgr5-
EGFP cannot be detected directly, only using anti-GFP antibody. The figure legend states: “Section 
of the gastric “mixed” organoid derived from Lgr5-expressing epithelial progenitors labelled with 
plasma membrane stain (green) and DAPI for nuclei (blue).” 
 
The above interpretation issues can be easily addressed textually, but there is this deeper issue of 
how to sort out what the authors mean by a progenitor cell in the context of an early embryo, and 
why they have chosen this entity as the one they want to draw substantial conclusions about. They 
clearly have in mind that there is some distinct (long-lived) self-renewing population in the 
embryonic epithelium that gives rise to differentiated cells and should eventually be traced into 
the adult, but there is really no evidence that this has to be the case. The embryo could all be 
highly plastic without long-lived, self-renewing progenitors. None of these experiments help us 
figure this out, as there is no cell-type specific detail within the tissue. 
 
We think that there must be a population of cells within the embryonic stomach that eventually 
give rise to the adult stem cells. Unfortunately, our lineage tracing experiments using Lgr5-Cre-ERT 
mouse was technically unsuccessful and we could not learn whether Lgr5+ cells represent 
progenitors of adult corpus stem cells in vivo. 
 
All analyses are taken independent of location in the stomach (forestomach vs. antrum vs. corpus) 
let alone within layers of forestomach or in bases vs. surfaces of gastric glands. In short, I don't 
think the authors can make many conclusions about progenitor cells (just overall patterns of 
differentiation) without many new experiments. 
 
We have performed several new experiments to address concerns of the referee. Please, see the 
description of some new results under the points 1-3 (pages 1-2). 
 
In general, there is a great deal of switching back and forth between antrum-corpus, organoids vs 
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in vivo, adult vs embryo, and it is difficult to follow a narrative thread. 
 
We agree with the expert that the manuscript has rather a broad focus. It includes, in vivo study, 
ex vivo organoids, embryonic versus adult. We hope that in the revised version of the manuscript, 
although twice more data is included now, it will be easier to follow interpretations and conclusions. 
 
More precise interpretations of the in situ studies (label where everything is anatomically, more 
higher power views) is warranted. 
 
We agree with the expert. We have performed in situ hybridization analyses using both region – 
specific markers, such as Trp63 (forestomach), Cym (corpus) and Nkx6-2 (antrum), and cell type 
specific markers. These analyses gave new insights on domains where the changes took place upon 
inhibition of different signals. For example, Notch signals inhibit the expression of Tff2 (neck cell 
marker) specifically in Nkx6- 2+ antrum (Figure 6S-T). The same is true for Pgc (Figure 6Q-R). please, 
see a more detailed description of the novel results under point 1 (Page 1). 
 
We have included higher magnification/ resolution images in all panels in a revised version of the 
manuscript. 
 
The role of certain progenitor markers like LGR5 and SOX2 is problematic in the adult (SOX2 is 
expressed at the protein level in diverse cells in the stomach, so it is only its promoter that can 
drive stem cell activity, which may be due to plasticity), so assuming that they will play the same 
role in the embryo is dodgy (plus, as mentioned above, they may be more forestomach or antral 
specific than stem cell specific). 
 
Following the recommendation of the referee, we have excluded all data on Sox2, except as a 
marker for gastric epithelium in Figure 3F. 
 
Based on our new results when both Lgr5+ and Lgr5- derived organoids were grown in 4 different 
conditions, such as (1) WNT EGF Noggin R-Spondin1, FGF10, (2) EGF Noggin FGF10, (3) WNT EGF R-
Spondin1, FGF10, (4) WNT EGF Noggin R-Spondin1, FGF10, + Notch inhibitor, we conclude that: 
 
Embryonic Lgr5+ and Lgr5- cells are different because they give rise to different kinds of organoids 
in the same culture conditions. Lgr5- derived organoids even in the presence of WNT signalling – 
when they start expressing Lgr5 in culture – express 10 times less chief cell markers compared to 
Lgr5+ derived organoids. Our data indicate that Lgr5- cells cannot give rise to cells expressing Mist1 
or Gif at appreciable levels in any tested culture conditions. Lgr5- derived organoids express minute 
amounts to none of parietal cell marker Atp4a. 
 
Therefore, we propose that embryonic Lgr5+ cells are progenitors of the cells giving rise to the adult 
chief and parietal cells. 
 
There are quite a number of jumps from the fact that BMP, Notch, Wnt signaling may be required 
for lineage allocation to saying that this signaling dictates these switches. There really are no 
experiments here to determine sufficiency, just those that show necessity. 
 
Here, probably the expert means that we do not perform overexpression studies to show the 
sufficiency of the signals. I think it would be rather artificial to ectopically apply signals in a place 
where they do not exist in vivo. Furthermore, we have performed new ex vivo studies. For example, 
the experiments using organoids cultured in the medium with and without a BMP inhibitor tell us 
that BMP signals are sufficient for antral identity but they are not necessary as organoids grown in 
ENF (EGF, Noggin, FGF10) medium also have an antral identity. Finally, I do not think we have made 
any statements about sufficient versus necessary in our manuscript. 
 
Again, what is exactly an embryonic progenitor? One would expect at these early stages, most cells 
would be actively mitotic as opposed to in set niches (the small intestine doesn't even generate its 
crypts with adult LGR5+ stem cells until weeks AFTER birth). 
 
We have carefully revised all statements about “progenitors”. Specifically, we state that Axin2+ 
cells give rise to transient epithelial cells in the forestomach. About Lgr5+ cells we make conclusions 
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only based on ex vivo assay. 
 
Beyond that, the authors tend to lump all the epithelial regions together (in particular in the 
organoids). The problem with that is LGR5 and SOX2 may be more forestomach in general, so 
changes in expression in those may represent not changes in progenitor cells but changes in 
squamous vs. glandular differentiation. AXIN2 may be more antral than corpus and forestomach so 
its behavior may reflect only the lower representation of antral cells. 
As written above, we apologies for not explaining how the analysis of the gene expression was 
performed in organoids. To analyze the expression of glandular markers, only glandular 
“transparent” organoids were used. For the analysis of the forestomach markers only “dark” 
keratinized organoids were used. This was done by collecting each type of organoids using a pipette. 
We have added the description of the procedure in the methods part. 
 
 
More specific points: 
 
p. 3 "Furthermore, neonatal Lgr5+ cells contribute to the mature glandular epithelium during 
stomach homeostasis" I would specify this is true of the antrum, not known to be true of 
forestomach and definitely not true of corpus. 
We thank the referee for the comment. Now the modified sentence is: “Furthermore, neonatal 
Lgr5+ cells contribute to the mature antral epithelium during stomach homeostasis (Barker et al., 
2010).” 
 
Bockerstett et al. in Gut had a recent paper on sc-RNA-Seq of adult lineages. This might be useful 
in interpreting the data here. 
 
We thank the referee for this suggestion. Indeed, it helped us to interpret changes in the expression 
of Muc5ac, Muc6 and Tff2 in different conditions. Specifically, the changes in Tff2 transcripts were 
more often going together with changes in Muc5ac expression than with Muc6. We have included 
the citation of this paper in the revised version of the manuscript as well. 
 
The authors use Muc1 frequently throughout the manuscript, including using it on page 5 to state 
that because 40% of epithelial cells express it, that says something about the state of 
differentiation at E13.5. What is MUC1 a marker of, and how does it inform about differentiation 
state? 
 
Following the suggestion of the referee, we have excluded any statements about Muc1 expression 
from the manuscript. The sentence stating the connection between Muc1 expression and 
differentiation state was deleted. 
 
All of the RNAScope/tissue work would be improved with some guides for readers for where FS, 
Corpus, Antrum are and where mesothelial/muscle and mesenchyme/epithelium is. 
 
We thank the expert for this suggestion. We have included in a revised version of the manuscript a 
scheme of the cross-section through the embryonic stomach in Figure 1D. 
 
The descriptions of the in situ at top of p. 7 don't match the data. The data show LRIG1 is relatively 
non- specific. RUNX1 is diffusely gastric epithelial. Troy seems non-speccific. 
 
We agree with the expert that neither Lrig1 nor Troy is epithelium specific. scRNA-sequencing data 
(Figure S2A) do show that these genes are also expressed in the mesenchyme. However, we have 
stated merely that we have detected transcripts of these genes in the epithelium. “Moreover, we 
have detected the expression of other markers for the adult gastric stem cells, including Lrig1 (Choi 
et al., 2018; Schweiger et al., 2018), Runx1 (Matsuo et al., 2017) and Troy (Stange et al., 2013) in 
the embryonic epithelium at E13.5 (Figure S2A). 
 
Nomenclature: mouse proteins should be non-italics but All Caps (not first letter caps). The mRNA 
and gene name nomenclature (ital, first letter cap) are correct. 
 
We thank the referee for the comment and have changed all the names (except for Notch, just for 
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the sake of reading) in the manuscript. 
 
The 22 +/-2 clones seen in adults from embryonic induction of Axin2 lineage tracing is surprising. 
How many mice was this from? What's surprising is that Axin2 tracing in embryo is relatively 
random, the clones in adult are exceedingly rare and randomly distributed. How can it be possible 
that exactly 22, give or take 
 
 
2, clones are consistently seen? Were there ever mice with 0? In any case, as discussed above, the 
Axin2 story in general does not add much to this manuscript. I'd be tempted to have it all in 
supplemental data for completeness's sake. 
 
Five Axin2Cre-ERT/Rosa26lacZ animals were analyzed. These are the numbers of clones we have 
counted. We have never seen zero clones in the animals of this genotype. We agree with the expert 
that cells expressing Axin2 at E13 cannot be called stem cell progenitors. Yet, we would still keep 
the data as Figure 2. 
 
 
The orientation of 2G should be given (where is pit/lumen and base? Where are the glands?). Just 
as for embryo, the adult localization studies should have some guideposts for readers who don't 
know the corpus of the stomach. 
 
Following the recommendation of the referee, a corpus gland was marked in white, the lumen 
and base were assigned on the revised version of the Figure 2J (former 2G). Furthermore, we 
have included the scheme of the adult corpus gland as Figure 2J’. 
 
That LGR5 is highest in the corpus (bottom page 6 and Fig. 2A) is interesting, as it is a marker of 
mature chief cells in adult corpus, so could it not be that it is doing the same thing here, and that 
is why it is not a progenitor marker for lineage tracing but, rather, works only in the plasticity-
inducing setting of organoid culture? That would be in keeping with how LGR5 behaves in adult 
corpus. 
 
It is possible. As we do not have lineage tracing results, even for transiently labelled cells, we cannot 
answer this question for certain. 
 
It is not that labelled Lgr5+ progenies do not live long enough to follow them. But Lgr5+ cells could 
not be labelled using Lgr5EGFP-Cre-ERT mouse. Please, see Figure 3B for quantification of double 
positive LGR5- EGFP:tdTomato cells. 
 
Yet, based on our new results when both Lgr5+ and Lgr5- derived organoids were grown in 4 different 
conditions, such as (1) WNT EGF Noggin R-Spondin1, FGF10, (2) EGF Noggin FGF10, (3) WNT EGF R-
Spondin1, FGF10, (4) WNT EGF Noggin R-Spondin1, FGF10, + Notch inhibitor, we conclude that: 
 
Embryonic Lgr5+ and Lgr5- cells are different because they give rise to different kinds of organoids 
in the same culture conditions. Lgr5- derived organoids even in the presence of WNT signalling – 
when they start expressing Lgr5 in culture – express 10 times less chief cell markers compared to 
Lgr5+ derived organoids. Our data indicate that Lgr5- cells cannot give rise to cells expressing Mist1 
or Gif at appreciable levels in any tested culture conditions. Lgr5- derived organoids express minute 
amounts to none of parietal cell marker Atp4a. 
 
Therefore, we propose that embryonic Lgr5+ cells are progenitors of the cells giving rise to the adult 
chief and parietal cells. 
 
Another interpretation of the failure of Lgr5- cells to form organoids is that the conditions for 
teasing out progenitor activity after cell isolation by flow and culturing as an organoid favors LGR5+ 
cells. The sorting and culturing induces stressors that make the cells behave differently from in 
vivo. 
 
We agree with the expert that ex vivo cultures for stomach organoids are different from in vivo 
situation. 
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Lgr5- cells cannot survive in WENRF (corpus) culture conditions. They also cannot be maintained in 
ENF (WNT free) medium. But in the presence of BMP signals, they grow well and form a lot of clones 
(over 10% CFE!). They also can survive in WENRF in the absence of Notch signalling, whereas Lgr5+ 
cells cannot be maintained in such culture conditions. 
 
Thus, it is not a cell sorting but a presence of different signalling molecules in culture that makes 
the difference between Lgr5+ derived and Lgr5- derived clones. Still, Lgr5- derived organoids do not 
express chief cell markers at the same levels as Lgr5+ derived organoids. 
 
The fact that Axin2+ and negative cells have the same CFU potential would seem again to say that 
Axin2 doesn't mark any specific progenitor population. 
 
We agree with the expert. In light of our new results, we do not state that Axin2+ cells are the 
embryonic progenitors of the adult stem cells. 
 
Note that (p. 8, bottom) only MIST1 is relatively specific to corpus; PGC and GIF are also expressed, 
at lower level, in antrum. 
 
We thank the referee for this comment. Based on very high expression levels of corpus specific 
marker Cym and absence of Pdx1 expression we are certain that Lgr5+ derived organoids grown in 
WENRF conditions do represent corpus-like organoids. 
 
p. 9 Doesn't the fact that there are few parietal, and especially, pit cells in the organoids suggest 
that the organoids are not representative of in vivo embryos, so interpreting LGR5 progenitor cell 
behavior in vivo from these ex vivo studies is problematic. Note that I don't think the imbalanced 
lineages vs. in vivo conditions negates any of the signaling pathway studies, which are still 
informative. 
 
We do agree with the expert that ex vivo conditions cannot always be applied to interpret the in 
vivo results. On the other hand, our new ex vivo results helped us to sort out whether changes in 
the gene expression is due to cell specification/ gene activation or due to changes in corpus versus 
antrum identity. For example, now we think that downregulation of Atp4a upon loss of WNT signals 
is most probably due to the shift from corpus to antrum identity. 
 
Fig. S3B seems to show a forestomach organoid with keratinization in the lumen. Only about 2 to 
3 o'clock shows glandular epithelium. 
 
This is correct. This image represents a mixed organoid as stated in the title beneath. 
 
Figs 3O-P the authors must be careful about looking for glandular epithelial markers in glandular 
epithelium, not stratified, so the red label here is likely just keratin non-specific reaction so the 
authors are correct to state that ATP4B staining is lacking, but there would never be ATP4B+ 
parietal cells in this stratified squamous organoid, so this actual image is not informative. 
 
We agree with the referee. A new antibody staining was performed on a section of Lgr5+ derived 
corpus organoid. We have replaced the image. 
 
p. 10 WNT5A: the authors state is in a subset of glandular cells, yet looks overwhelmingly 
mesenchymal. WNT5B looks overwhelmingly mesothelial with scattered mesenchymal. The 
epithelial label is not easy to appreciate in images shown. RSPO1 also seems highly mesothelial. 
 
Following the comment of the referee, we have changed the text. Now it reads as: “scRNA-
sequencing and RNA in situ hybridization analyses of the embryonic stomach at E13.5 revealed that 
Wnt5a was expressed in the mesenchyme and at low levels in a subset of epithelial cells (Figures 
4A-4B). Wnt5b was detected in the forestomach and corpus epithelium (Figure 4A) as well as in a 
few mesenchymal cells, with the highest expression in the mesothelium (Figure 4C). Furthermore, 
both R-spondin 1 (Rspo1) and R-spondin 3 (Rspo3), which enhance Wnt signalling, were highly 
expressed in mesothelium and in subpopulations of mesenchymal cells (Figures 4A, 4D-4E).” 
We have also included higher magnification images in the boxed areas in Figures 4B and 4C. 
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In many panels (eg 4H-K) the authors say "WT" for animals not administered drug. This is not exactly 
true, as all the animals are wildtype. Some are treated, some not. 
 
We have deleted WT sign in all figures. In the text, we use “control” instead of “wild type”. 
 
"led to a strong loss of Gif (25 fold) and Pgc-positive cells (8 fold) (Figures 4F, 4H-I)." Is there 
somewhere where positive cells were actually counted and the data shown? Where are these 
numbers from? 
 
The numbers for fold changes come from qPCR results. We agree with the expert that – positive cell 
should be omitted. A modified sentence is:” Inhibition of WNT signalling led to a strong loss of 
zymogenic chief cell markers Gif (25 fold) and Pgc (8 fold) (Figures 4G, 4L-M, S4D-E), indicating that 
WNTs are required for the differentiation of the embryonic gastric progenitors along zymogenic cell 
lineage.” 
 
Top of page 11. Adult corpus has LGR5 in subset of mature chief cells that can plasticly after injury 
be progenitors. That is not the same as saying that LGR5 is an embryonic progenitor. In adults, 
LGR5 IS a CHIEF cell marker. Actually, SOX2 in adults is also most expressed in chief cells, though 
I'm not sure this has been published. AXIN2 has been characterized as an antral progenitor 
primarily. So the depiction here of AXIN2 and LGR5 as progenitor cell markers is imprecise. 
 
We agree with the expert. Now, we call Axin2 and Lgr5 as WNT target genes. We excluded all the 
data on Sox2, except as a marker for gastric epithelium in Figure 3F. 
 
"Thus, we conclude that together with promoting progenitor proliferation, Wnt signalling enhances 
differentiation of gastric progenitors towards zymogenic/chief cells as well as parietal cells but 
severely inhibits their commitment to pit cell lineage." The authors show requirement here, not 
really necessity. 
 
Here, we do not understand the referee comment. 
 
p. 11 BMPR1A also has prominent mesenchymal staining, which is consistent with studies showing 
its loss in mesenchyme also induces GI polyps. 
 
This is correct. BmpRIa is ubiquitously expressed in the embryonic stomach. We have stated it as: 
“In agreement with previous studies, Bmp receptor 1a (BmpR1a) was ubiquitously expressed in the 
embryonic stomach (Figure 5C).” 
 
"the analysis is too short for the full differentiation of the ectopic zymogenic cells." What are 
ectoptic chief cells? 
 
The sentence was modified in the revised version. Now it reads as:” The expression of neither Mist1 
nor Gif was changed (Figure 6D), suggesting that those genes are not direct targets of Notch 
signalling and that 16 hours between the treatment and the analysis is too short for the activation 
of their transcription.” 
 
Fig. 5E Because it is not clear LGR5 is a progenitor marker, the data do not support that BMP 
inhibits "the number of gastric embryonic progenitors". (same for the statement at the bottom of 
p. 12 "Thus, Bmp signalling limits the number of the embryonic gastric progenitors as well as their 
differentiation along the pit cell lineage but it supports their differentiation along the parietal 
cell lineage." 
 
We agree with the expert. The modified sentences are: “This indicates that BMP signalling restricts 
the number of Lgr5+ embryonic epithelial cells.” 
 
“Thus, Bmp signalling limits the number of Lgr5+ epithelial cells as well as their differentiation along 
the mucous neck and pit cell lineages but it supports their differentiation along the parietal cell 
lineage.” 
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In support of the point above that PGC is not exclusive to corpus, the authors state: 'sections 
revealed that Pgc expression was downregulated in Lgr5+ corpus cells but was strongly increased 
in the antral epithelium of' 
 
After performing double in situ hybridization using corpus and antrum specific markers we have 
deleted this statement. We did not observe the expression of Pgc outside of the corpus domain in 
embryos treated with BMP inhibitor LDN193189. 
 
 
Then they proceed to Notch. Notch2 is uniformly expressed by scRNA-Seq (what about Notch3/4? 
not detected), and Jagged is in a band of mesenchymal cells more underneath the glandular 
stomach. 
 
Single cell RNA-sequencing analysis revealed that Notch2 was expressed in the higher proportion of 

the epithelial cells, 92 out of 252 cells (expression level log2≥1), compared to the other Notch 

receptors. Notch1 was expressed in 60, Notch3 in 18 and Notch4 in 4 out of 252 epithelial cells. In 
the mesenchyme, Notch2 was detected in 111 out of 226 cells. Whereas, Notch1 was found in 34, 
Notch3 in 11 and Notch4 in 5 out of 226 cells. 
 
We have added a new sentence about Notch3/4 expression: “Notch3 and Notch4 were expressed in 
a less than 10% of sequenced cells.” 
 
“Jag1 looks overwhelmingly in mesenchyme, not "in both epithelial and mesenchymal cells" 
 
We agree with the expert. We have modified the sentence as: “RNA in situ hybridization further 
confirmed that Jag1 transcripts were present in mesenchyme and at very low levels in the epithelial 
cells (Figure 6B).” 
 
p. 13 "Finally, both Lgr5 and Sox2 but not Axin2 were upregulated upon loss of Notch signalling in 
the embryonic stomach" yet again suggesting a lack of important role for AXIN2 
 
We do agree that Axin2+ cells are transient cells. Please, see our summary about Axin2+ cells under 
point 3, page 2. 
 
p. 14 "in Lgr5+ cells reflects its expression in the ectopic neck/chief secretory cells" Why is this 
ectopic? LGR5 is normally expressed in corpus in chief cells. 
 
This sentence was deleted. 
 
p. 14 "embryos, Notch inhibition induced expression of Atp4a 2 fold in organoids (Figure 6C). In 
contrast to the results in embryos, inhibition of Notch signalling" How much of the changes in 
representation of lineages is due to one lineage dying (vs. the other expanding)? 
 
Based on the comments of both experts, we have decided to put a threshold for gene expression. 
Specifically, if a gene is expressed at levels lower than 0,1 of Tbp then we considered that it is not 
expressed. 
 
In the organoids derived from the adult corpus glands, Atp4a is 10 000 times lower expressed than 
in the adult stomach glands and almost 100 less expressed than Tbp. Therefore, in a revised version 
of the manuscript we do not discuss changes in the expression of Atp4a in the adult corpus organoids. 
 
p. 14 "consistent with previous studies showing that Notch inhibition does not have profound 
effects on differentiation of the adult stem/ progenitor cells (Kim" I'm not sure those studies 
showed no effects of Notch inhibition on differentiation. What do the authors mean here? 
 
We agree with the referee. We have deleted this sentence. 
 
"Axin2+ progenitors generate stem cells in corpus, whereas Lgr5+ progenitors give rise to both 
corpus and forestomach stem cells." What is the evidence for this? 
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The expert is right. This sentence was deleted. 
 
"In contrast, Bmp and Notch signals limit the number of Lgr5+ cells during embryogenesis." Even 
within the organoids (see above), this is not clear. Extrapolation to the in vivo situation is highly 
problematic. 
 
Here, we do not agree with the expert. Using FACS analysis we have quantified the number of Lgr5+ 
cells in control versus LDN193189 (BMP inhibitor) and RO4929097 (Notch inhibitor) treated embryos 
(Figures 5E and 6I). There is an increase in Lgr5+ cell numbers upon loss of either BMP or Notch 
signals in vivo. 
 
A quarter of embryonic cells were LGR5+ yet none could be traced into adult. Why is it not natural 
to assume that the LGR5+ cells are transient or non-plastic in vivo? 
 
The Lgr5+ progenies could not be traced because they cannot be labelled, not because they do not 
give any long living descendants. Please, see Figure 3B for quantifications of the labelling efficiency. 
 
We do agree that without in vivo lineage tracing results we cannot conclude whether Lgr5+ cells 
are stem cell progenitors or transiently living embryonic epithelial cells. In a revised version of the 
manuscript we down-toned our statements about the function of Lgr5+ cells. 
 
In intestines, LGR5+ stem cell activity does not kick in until weeks after birth as the crypts 
form and become the LGR5+ stem cell niche. Why should the stomach be expected to have 
LGR5+ cells early embryonically that somehow persist (or to have derived progeny persist) 
into adulthood? 
 
In the embryonic small intestine, Lgr5 is expressed at much lower levels compared to the 
stomach, still Lgr5+ cells could be labelled during embryogenesis and they give rise to few 
clones in the adult gut. 
 
Again, this "Based on the results of the organoid assays, we propose that adult gastric stem 
cells in the corpus are largely coming from Lgr5+ progenitors." is just not supported here. 
 
This sentence was deleted. 
 
 
Reviewer 2 
 
The reviewer also finds our work as important: “Given the current limited understanding of 
embryonic cell types in the developing stomach this is an important study…. There are many 
strengths to this manuscript, the biggest being a technically diverse approach to study the 
developing stomach.” 
 
However, the expert pointed out also weaknesses, which were addressed in the revised version of 
the manuscript “However, there are also several weaknesses that lessen the impact of this 
important body of work. Several of the conclusions are not supported by the data and/or are 
overstated.” 
 
 
Reviewer 2 Comments for the Author:  
 
Major concerns: 
 
Sigal M et al. Nature 2017 show that Axin2 is predominately an adult antral stem cell marker and 
Axin2 is rare in the fundus/corpus and did not give rise to entire glands. In current study, at E13.5 
Axin2 appears highest in forestomach similar to that of TOP-GAL and Axin2-lacZ reporter mice (Kim 
et al. Dev Cell 2005, McCracken et al. Nature 2017). Flow cytometry and images in Fig 2D do not 
clearly reveal gastric regions of Axin2 progeny. Long term lineage tracing experiments indicate 
9.4% of total cells were labeled with axin2-cre but only a tiny number of glands were labeled in 



Development | Peer review history 

© 2020. Published by The Company of Biologists under the terms of the Creative Commons Attribution License 

(https://creativecommons.org/licenses/by/4.0/). 20 

the adult. Moreover embryonic Axin2 does not give rise to adult forestomach or antrum, and Axin2+ 
and Axin2- cells/progeny both have low colony forming potential. This supports the conclusion that 
Axin2 is largely marking a transient population of cells at e13.5 and does not label cells that persist 
postnatally. Therefore the conclusion that “Axin 2 cells are embryonic stem cell progenitors” would 
appear inaccurate and overstated. 
The referee is correct. After performing suggested co-localization analysis of Axin2:tdTomato cells 
with the region specific markers of the stomach we came to a different conclusion. Specifically, we 
used anti- p63 antibodies to label forestomach epithelium, anti-ISL1 antibodies that label both 
corpus epithelium but also mesenchyme and anti-Nkx6-3 antibodies that label antral epithelium at 
E16.5. We observed many Axin2:tdTomato clones in the forestomach epithelium (Figure 2G). 
However, we have never observed either LacZ+ (5 mice analyzed) or tdTomato+ cells (3 mice 
analyzed) in the adult forestomach. We have observed only 3 Axin2-tdTomato+ cells across 5 stained 
sections in ISL1+ corpus epithelium at E16.5. On Figure 2H Axin2:tdTomato cells are in the 
mesenchyme. We did not detect Axin2-tdTomato+ cells in Nkx6-3+ antral epithelium (Figure 2I). 
Thus, we conclude that Axin2+ cells at E13 represent mostly transient forestomach epithelial cells. 
The text in the abstract, results part and discussion was modified accordingly. 
 
There is a general concern about the use of the term stem cells throughout the manuscript. While 
the definition of Stem cells can vary, two concepts appear to be consistent in most definitions. 
Stem cells are a stable population of cells that have the abilities to make exact copies of 
themselves and differentiate into multiple lineages. The cells in a developing organ are constantly 
changing and transitioning until they reach a steady state in the postnatal organ. I therefore prefer 
the term progenitor cells over stem cells in the context of the developing embryonic stomach. 
 
We agree with the expert. We have carefully revised the text of the manuscript and omitted using 
stem cells term as well as progenitors of the stem cells term in the absence of in vivo lineage tracing 
evidence. 
 
As labeling efficiency with Lgr5-cre was low a similar analysis could not be performed. In leu of 
this the authors sorted Lgr5-GFP cells and observed that the Lgr5-GFP cells were highly competent 
for form organoids. Considering the vast majority of observed Lgr5 transcript is in the corpus 
region, it is unclear why isolated Lgr5 organoids have forestomach characteristics like expression 
of keratins. Also its curious that that there are few Lgr5 cells in the antrum given the fact that 
Lgr5 marks antral stem cell the adult. It is not quite clear from the images in figures 2 and 4 where 
these cells are in the embryonic stomach. High magnification images of Lgr5-GFP cells in the 
embryonic stomach along with regional markers may help clarify this. 
 
We thank the referee for this suggestion. We have performed double in situ hybridization analysis 
using Trp63 (labels forestomach), Cym (labels corpus) and Nkx6-2 (labels antrum) together with Lgr5 
(Figure 2C-E). Trp63-positive cells do express Lgr5 at lower levels, it is why we have isolated them 
by FACS. Lgr5 is expressed in Cym-positive corpus. There are few Lgr5 transcripts (one dot per cell) 
in some Nkx6-2- positive antral cells. Therefore, in situ hybridization results confirm scRNA-
sequencing results that Lgr5 is expressed mostly in the corpus at E13.5. 
 
The immuno-stainings using antibodies against region specific markers and direct visualization of 
EGFP were unsuccessful as EGFP signal was too low after fixation. Unfortunately, we had no 
opportunity to order anti-GFP antibody generated in the other animals than antibodies against 
region specific markers due to COVID-19 shut down. We hope that in situ hybridization analysis 
supports sufficiently our conclusions. 
 
Lgr5 transcript appears only in corpus epithelium and in situ transcripts show localization usually 
around the columnar squamous junction of greater curvature (Figure 3-5) or further posterior 
(Figure 2C, 4B-C), but these might be differences in sectioning plane. High magnification images 
of Lgr5-GFP embryonic stomach may help support regional identity of the 15% of cells isolated by 
FACS. Given that the Lgr5 transcripts are largely in the “corpus” region, it is unclear why isolated 
Lgr5 organoids also have forestomach character. 
 
Please, see an explanation above. 
 
Also since most literature shows Lgr5 expressed in the antrum one might expect antral organoids 
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to be present in these cultures. This could be a function of the culture conditions that favor corpus 
growth. Did the authors try antral culture conditions? The methods section does not describe adult 
corpus organoid culture. 
 
To support our conclusions, we have performed more ex vivo experiments. Specifically, we have 
isolated both Lgr5+ and Lgr5- cells and have cultured them in 4 different conditions, such as (1) 
WNT, EGF, Noggin, R-Spondin1, FGF10, (2) EGF, Noggin, FGF10, (3) WNT, EGF, R-Spondin1, FGF10, 
(4) WNT, EGF, Noggin, R-Spondin1, FGF10, + Notch inhibitor. Based on the results of our experiments 
we conclude that WENRF (originally used in our study) promotes corpus identity. Both Lgr5+ and 
Lgr5- organoids express corpus specific Cym at very high levels (Figure 3F). While Pdx1 was not 
detected in Lgr5+ derived or barely expressed in Lgr5- derived organoids. Yet, in the absence of 
WNT signaling, or in the presence of BMP, or upon inhibition of Notch both Lgr5+ and Lgr5- organoids 
have lost Cym expression and have activated the expression of Pdx1. Therefore, they become antral-
like. 
 
The culture conditions for the gastric organoids are described under the section “Gastric organoid 
cultures”. 
 
The analysis of foregut and mixed organoids would need to be done by quantitative 
immunofluorescence of regional markers to draw any conclusions. It is unclear how Figure 3F and 
6C are normalized and organoids with squamous/mixed vs columnar morphologies should probably 
be analyzed separately to draw correlations with morphology and regionality. 
 
Here, we apologies for not explaining how the analysis of the gene expression was performed in the 
organoids. To analyze the expression of glandular markers, only glandular “transparent” organoids 
were used. For the analysis of the forestomach markers only “dark” keratinized organoids were 
used. This was done by collecting each type of the organoids using a pipette. We have added the 
description of the procedure in the methods part. 
 
We have also included new data on the expression of the marker genes from adult corpus glands 
that the readers could compare at which levels these markers are expressed in the Lgr5+ and Lgr5- 
and adult corpus derived organoids. 
 
The positive control staining of differentiation markers in the adult mouse stomach would suggest 
that the organoids isolated from the embryonic stomach have similar levels of protein expression. 
This seems unlikely as even organoids from the adult stomach have very poor differentiation of 
cell types, especially parietal cells. 
 
Our new gene expression data from Lgr5+ derived organoids and adult corpus glands (tissue, not 
organoids) show that Mist1 and Gif are expressed at the same levels (Figure 3J), and higher, 
especially Gif, than in the adult corpus organoids. Therefore, we could detect MIST1+ and GIF+ cells 
in the Lgr5+ organoids. 
 
Along those lines the staining of the organoids is somewhat unconvincing, especially for ATP4a. 
 
We do not have ATP4a+ cells in the Lgr5+ organoids. The previous image contained cells with high 
auto- fluorescence. According to the suggestion of referee 1, we have replaced it with a more 
relevant image (Figure 3X). 
 
The stained organoids are shown next to the adult glands but quantitatively what is the level of 
these markers in organoids relative to adult glands? 
 
We thank the expert for this question. It is a really important point. We have included gene 
expression data from the adult corpus glands to show readers the difference in the expression levels 
of different markers in organoids compared to in vivo situation (Figure 3F-N). Now, we know that 
Atp4a is 10 000 times less expressed in the adult corpus organoids compared to in vivo corpus glands. 
So, it is not expressed in the adult corpus organoids. 
 
In general the conclusions about regionality of sections, sorted cells and organoids is uncertain. 
Did the authors dissect regions first and then sort cells for organoid generation? In figure 3 the 
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legend concludes that different organoid morphologies mean that these are organoids from 
different regions of the stomach. This seems impossible to conclude based on morphology alone. 
 
The cells for organoid assays were isolated from the whole embryonic stomach. As explained above, 
to analyze the expression of glandular markers, only glandular “transparent” organoids were used. 
For the analysis of the forestomach markers only “dark” keratinized organoids were used. This was 
done by collecting each type of organoids using a pipette. We have added the description of the 
procedure in the methods part. 
 
 
In any case they would need to confirm regionality of sections and organoids with better markers. 
 
We thank the referee for this suggestion. For in situ hybridization experiments on tissue sections, 
we have used the following regional markers: corpus specific Cym and antrum specific Nkx6-2. 
For the gene expression studies using glandular organoids, we used Cym (for corpus identity) and 
Pdx1 (for antral identity). 
 
Sox2, Pdx1 and Cdx2 are essential regional markers. Many of the intestinal markers in 3f are not 
expressed in embryonic cells and are therefore not informative to determine if duodenal cells were 
present in the dissection. 
 
We have included Cdx2 in our qPCR analysis (Figure 3G). 
 
Similarly it not clear if all pancreatic tissue was removed and two of the “antral markers” Pdx1 
and Nkx6.3 are not antral specific. 
 
We are certain that pancreas was removed. Further, we do not detect Nkx6-1 expressing cells in 
our scRNA- sequencing analysis. Nkx6-1 is highly expressed in the pancreas at E13.5 (Henseleit et 
al., 2005, Development). 
 
Do Ascl1 or CD44 arise in epithelial populations or just mesenchymal? Ascl1 is thought to be an 
endocrine cell progenitor marker and CD44 has been characterized as a gastric and intestinal 
epithelium stem/progenitor marker. 
 
We have detected Ascl1 expression in the neural crest cells. 
 
We have detected 6 CD44 expressing cells in the stomach epithelium. CD44 is robustly expressed in 
lympho-myeloid cells. 
 
Is Barx1 or sFRPs detected in the mesenchymal populations (Kim et al. Dev Cell 2005)? 
 
Yes, Barx1 is expressed in most of mesenchymal cells. The same is true for Sfrp1 and Sfrp2. Sfrp5 
is expressed in the antral epithelium. 
 
A number of markers mentioned in text do not appear in the referenced figures. For instance, 
mentioned duodenal markers Areg1, Lgals4, and Nepn (Figures 1E and S1B) are not present, but 
none of these markers are shown. 
 
We have included the t-sne plot for Nepn in Figure S1. 
 
Of note, we have stated that these genes are expressed in the antral epithelium. 
 
You detected Lrig1, Troy, Runx1 in embryonic epithelium, and these appear more abundant that 
Axin2 and Lgr5. Although not fitting the WNT narrative, do these markers potential represent 
better markers of gastric embryonic progenitors? 
 
It is possible. However, without lineage tracing data it is difficult to predict. Furthermore, as 
referee 1 has commented all these makers are not confined to a specific region within the embryonic 
stomach epithelium. 
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The gastric gland schematic is representative of the adult gland cellular heterogeneity, but the 
most robust differentiation markers are not yet expressed at E13.5. This schematic could be 
modified to include regional markers, morphology, and cell types representative of E13.5 gastric 
tissue. 
 
We thank the expert for this suggestion. We have included in a revised version of the manuscript a 
scheme of the cross-section through the embryonic stomach in Figure 1D. 
 
We had several questions about the experiments that focused on manipulation of the Wnt, BMP 
and notch pathways. As stated, differentiation is only initiating at E13.5 and the majority of 
markers of terminally differentiated cells are lowly expressed at this time point. The majority of 
terminal differentiation, particularly of parietal and chief cells, arise during late gestation and 
postnatally in the mouse stomach. Therefore it’s not entirely clear if this expression represents 
true cytodifferentiation. 
 
The expert is right. At E13.5 there is no true cyto-differentiation of the embryonic epithelium. 
However, using cell type specific markers could be an indication for the commitment of cells along 
a certain lineage. 
 
In addition, inhibiting Wnt, BMP, Notch in whole embryos across several days of embryonic 
development will certainly lead to broad changes in organ development, including gastric 
patterning as reported by others. Therefore a change in parietal cell markers could just as easily 
be due to mispatterning of the stomach and a conversion of the corpus region to that of an antral 
fate (and vice versa). More information can be inferred by short treatments of organoids where 
changed in differentiation markers are seen. 
 
To perform in vivo studies we have treated pregnant mice /embryos with inhibitors only for 16 
hours. This was done to avoid changes in anterior-posterior patterning of the stomach. Together 
with new ex vivo data on Lgr5+ and Lgr5- derived organoids using different culture condition we 
could dissect whether the changes in gene expression is due to signaling or rather to the patterning 
defects. For example, we think that changes in Atp4a expression (parietal cells) are due to changes 
from corpus to antrum – like identity. 
 
Nonetheless the authors need to show that the regional identity of the organoids and treated 
embryonic stomach hasn’t changed. 
 
We have included new qPCR and in situ hybridization data on the expression of the regional markers 
Cym (for corpus) and Pdx1, Nkx6-2 (for antrum) in the revised version of the manuscript. 
 
Treatment of embryos with WNT, BMP, or Notch inhibitors likely causes gastric progenitor 
populations to exit the cell cycle and potentially differentiate prematurely, but 16 hours inhibition 
appears to be insufficient to cause many significant changes, besides increased Muc5ac transcript 
with WNT, BMP, or Notch inhibition. This suggests maybe Muc5ac is the default cell type of these 
early gastric progenitors. It is difficult to interpret decreases in cell types that are not yet 
differentiated at E13.5. Therefore, it seems overstated that parietal cell differentiation is WNT 
dependent, when Atp4a is barely expressed in controls. According to McCracken et al Nature 2017 
WNT is required for fundic patterning and therefore parietal cells. Adult corpus organoids show 
little to no Atp4a or GIF expression and therefore conclusions of decreased parietal and chief cells 
with WNT or BMP inhibition is not clear. The role of WNT in chief cell and BMP on parietal cell 
differentiation has been previously reported. 
 
Based on our additional experiments, we agree with the expert that changes in Atp4a expression 
(parietal cells) upon inhibition of Wnt signals are due to changes from corpus to antrum – like 
identity. 
 
Both chief cells markers Gif and Pgc are lost in the embryos upon depletion of WNT signals. Pgc is 
expressed in the embryos at this developmental stage (Figure 4L, 6Q.and S6D). By qPCR we have 
detected that Cym was downregulated, yet Pdx1 was not significantly changed in Wnt-59C treated 
compared to control embryos (Figure 4I-J). We detected strong Cym expression by in situ 
hybridization in Wnt-59C treated embryos (Figure S4B, D, H). Therefore, we conclude that WNT 
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signals enhance the differentiation of gastric progenitors towards zymogenic chief cells but severely 
inhibit their commitment to pit cell lineage in both corpus and antrum. 
 
For BMP signalling we conclude that “Thus, BMP signalling limits the number of Lgr5+ epithelial cells 
as well as their differentiation along the mucous neck and pit cell lineages but it supports their 
differentiation along the parietal cell lineage.” 
 
Endocrine cells and apoptosis are only assessed in Notch inhibition and proliferation is only assessed 
with Wnt inhibition, but these should be done for other conditions. 
 
We have included data on the expression of endocrine marker ChgB, proliferation and apoptosis for 
all tested conditions in a revised version of the manuscript. Figure 4, 5, 6 and Supplementary Figures 
4, 5, 6. 
 
The orientation and magnification of sections make it difficult to assess regional gastric identity 
(forestomach vs corpus vs antrum) without a regional specific counterstain. Therefore, it is 
difficult to tell if sections are comparable between conditions and/or make region-specific 
conclusions. A lot of sections appear not to contain significant antral epithelium, which could be 
shown by Pdx1 staining. There also are sometimes differences based on greater and lesser curvature 
of the stomach. 
 
We thank the expert for this suggestion. In a revised version of the manuscript we have included 
the expression data for cell type specific markers together with the region specific markers, such 
as Cym for corpus epithelium and Nkx6-2 for the antral epithelium. 
 
Quantification of cell numbers is needed to demonstrate if observed change is in the cell number 
or transcript per cell. IHC or flow cytometry would be more quantitative than RNA-Scope. 
We agree with the expert that it would be informative. However, most of the antibodies are not 
available. Also, antibody stainings would not tell us much about the levels of transcripts per cell. 
Yet, we carefully revised our text to be sure not to mention cell numbers, with exception when we 
did quantification of Lgr5+ cells using FACS. 
 
In addition to cell types, proliferation and apoptosis could be quantified. 
 
We have assessed proliferation using anti-Ki67 antibodies on tissue sections and apoptosis using anti- 
activated Caspase 3 for all conditions. The data are included in the revised version of the 
manuscript. We did not do quantification. We have stated differences in either proliferation or 
apoptosis only when it is obvious without additional quantification. 
 
Do not clearly show or quantify differences in stomach size with WNT inhibition. 
 
We have included new data on proliferation within the stomach of Wnt-59C treated versus control 
embryos. There are much less Ki67+ cells in the mesenchyme upon WNT inhibition (Figure S4M’-N’). 
 
Changes in expression of Lgr5 and Sox2 transcript does not prove expansion of fetal progenitors. 
 
In a revised version of the manuscript, we do not call either Lgr5+ or Sox2+ cells as fetal progenitors. 
 
The modest increase in Lgr5-EGFP+ cells with BMP and Notch inhibition is promising but should 
show change in colony forming efficiency of embryonic organoids, especially considering the 
transcriptional changes were not reproduced in adult corpus organoids. 
 
We have performed new ex vivo experiments using Lgr5+ and Lgr5- epithelial cells (1) cultured in 
the presence or absence of Noggin, and (2) cultured in the presence of Notch inhibitor or DMSO. 
Indeed, inhibition of Notch increased colony forming efficiency (Figure 6W). In contrast, the 
presence of BMP signals greatly enhanced colony forming efficiency (Figure 5R). 
 
One important difference between in vivo data and ex vivo embryonic organoid cultures is that in 
vivo we do not have yet changes in anterior-posterior identity, while ex vivo we compare corpus 
versus antrum-like organoids. 
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Second decision letter 
 
MS ID#: DEVELOP/2020/188839 
 
MS TITLE: Signalling codes for the maintenance and lineage commitment of embryonic gastric 
epithelial progenitors 
 
AUTHORS: Sergi Sayols, Jakub Klassek, Clara Werner, Stefanie Moeckel, Sandra Ritz, Maria Mendez-
Lago, and Natalia Soshnikova 
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