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Referees' comments: 

Referee #1 (Remarks to the Author): 

The manuscript by Costa et al. reveals a functional role for subcellular localization of an endogenous 
mRNA (Rab13) in endothelial cells using elegant experiments (including gene editing of localization 
elements) in cell culture and in zebrafish. Although Rab13 mRNA was previously shown to localize in 
protrusions in cultured cells (by Mili and Nielsen and colleagues) the functional significance of this 
process was unclear. And while requirements for mRNA localization elements have previously been 
reported in other organisms, notably yeast and Drosophila, this study is the first such example in 
vertebrates. This is therefore an important study that is likely to be seen as a landmark in the mRNA 
localization field. The paper should also appeal more generally to those interested in cell migration and 
endothelial cell biology as the authors provide evidence that filopodia formation is guided by a local 
translation-based mechanism that prevents formation of these structures at ectopic sites (rather than an 
active mechanism to promote filopodia formation at one location). In addition to the advances 
summarized above, the authors also characterize other mRNA localization patterns in endothelial cells 
that pave the way for future work in this system.  

I am enthusiastic about the manuscript but additional controls are required to back up some of the key 
conclusions. In addition, some clarification is needed to place the findings in the context of other studies 
on Rab13 mRNA localization.  

Major points: 

1. Rab13 appears to have different predicted splice isoforms (at least in human cells) and 3'UTR
sequences can affect splice site selection (e.g. see https://doi.org/10.1016/j.celrep.2019.05.083).
Defects in splicing could in principle account for the phenotypes observed, independently of mRNA
localization, and it is therefore important that the authors check if patterns of splicing are altered by the
deletion in the 3'UTR. The authors should also quantify Rab13 mRNA levels in wild-type and 3'UTR
mutant HUVECs to strengthen their case that changes in overall mRNA levels do not contribute to the
phenotypes in this system.

2. The consistent phenotypic outcomes of removing the localization elements in the Rab13 3'UTR in
HUVECs and zebrafish (which requires different gRNA sequences) argues against off-target effects of
the CRISPR/Cas9 procedure being responsible for the observed phenotypes. Nonetheless, more needs
to be done to strengthen this argument, which is the central part of the study. Do the gRNAs used in
each experiment have predicted off-target effects? If so, the authors should check that potential off-
target sites are not edited in the cells/animals used. A powerful experiment, which I would class as
desirable but not essential, would be to test if the defects caused by removal of the localization element
make cells/animals particular sensitive to partial knockdown of Rab13 (by incomplete siRNA or
heterozygosity for a null mutation in the case of zebrafish). If this were the case, it would be very strong
evidence for the specificity of the CRISPR/Cas9 phenotypes. Or did the authors recover fish with wild-
type Rab13 alleles that went through the CRISPR/Cas9 procedure? A strong off-target effect might be
expected to give phenotypes when this wild-type Rab13 allele is homozygous.

3. The importance of Rab13 mRNA localization for cell migration was previously challenged by the
observation that APC is required for localization of this mRNA but not for cell migration (summarized in
http://www.jbc.org/cgi/doi/10.1074/jbc.R116.715193). Costa et al. need to discuss this point. Is APC
required for Rab13 mRNA localization in HUVEC cells? If so, might the requirements for APC-mediated
Rab13 mRNA localization be specific for certain cell types? Is it known if APC is required for branching
in the endothelial system in zebrafish?

4. Additional controls are needed for the PURO-PLA experiments. The authors should repeat the
experiment when Rab13 is knocked down by siRNA in order to confirm the specificity of the antibody in
these experiments (not just for western blotting). It would also be desirable to repeat this analysis in the
cells that lack the region of the 3'UTR required for mRNA localization as this will allow a direct
assessment of the link between mRNA localization and local translation.

Referees' Comments, Round 1 - Transferred in full from another journal 



Minor points: 
1. How conserved is the region of the Rab13 3'UTR that mediates localization? An alignment of Rab13
sequences from different species (including human and zebrafish) should be provided in the Extended
Data section.

2. The type of statistical tests used for each panel should be specified in the legends or a
supplementary table (depending in the journal's policy). Currently, the methods state that different tests
were performed depending on the data distribution, which is correct, but the reader needs to be able to
understand which test was applied where.

3. The manuscript is mostly clearly written but in some sections it can be made much more concise.
There are also several typos and spelling mistakes in the manuscript:

E.g.: miss-localization, longstading.

4. In the abstract, insert 'mRNA' between 'endogenous RAB13' and 'targeting' and revise 'endogenous
gene-edited mRNAs', which is a potentially misleading term.

5. Page 5: "exclusive targeting of mRNA to sites of incipient filopodia formation in cellular protrusions".
Is targeting really exclusive? Also, is the mRNA in cellular protrusions or in a broader region of the cell
that is prone to form cellular protrusions? This is an important distinction when trying to understand the
spatio-temporal aspects of the system.

6. Mili et al. recently reported on the relationship between Rab13 mRNA localization and translation
(https://elifesciences.org/articles/44752). Although this work was in different cell lines to those used by
Costa et al. the authors should consider citing relevant findings from this study.

7. Extended data Figure 2a: is the motif predicted to form a G-quadruplex?

Referee #3 (Remarks to the Author): 

In this manuscript, the authors investigate how polarized localization of mRNAs can contribute to tissue 
morphogenesis. Through RNAseq analysis of endothelial cell bodies and protrusions, they identify 
transcripts that are selectively localized to cellular protrusions. Comparison with other cell types from 
published studies identified a core set of protrusion-localized genes, including RAB13, which they 
investigated further. They identify a conserved cis element in the 3' UTRs of these transcripts that 
suggested it is responsible for compartmentalization. Deletion of this element in RAB13 in human cells 
distrupts its localization and leads to defects in filopodial dynamics. Further investigation in zebrafish 
suggests this UTR element is conserved, required for cell compartmentalization, and is important for 
directional migration during endothelial sprouting.  

Conceptually, this work is a potentially impactful move forward in functionally linking the significance of 
subcellular mRNA localization with a cellular and tissue morphogenetic role. However, there are 
significant experimental and technical gaps that leave the work incomplete. Most importantly, any data 
on how mRNA localization (and lack thereof) actually affects cell and tissue morphogenesis is 
completely lacking. Therefore, the studies as they currently stand are only suggestive and preliminary. 
Particular details are listed below.  

Major concerns. 

The computational work applied throughout the study is incompletely described and a bit weak. For 
example, RNAseq analysis of HUVEC protrusions only relies on duplicate samples and no statistical 



values are given (e.g. in Fig 1b). This issue is further compounded by the k-means clustering, which 
shows a pretty clear cluster for the previously published data, but is much less convincing for HUVEC. It 
seems the authors could have easily identified this signature without the HUVEC analysis. If they insist 
on including the HUVEC data, appropriate statistical cut-offs should be applied, as well as any 
manipulations to apply normalization or batch effects to accurately compare the public data with their 
own. Similarly, it is unclear how the cis regulatory motif was identified. Was this by computational 
means? Is this significantly enriched in only the k5 protrusion-localized transcripts? What happens if 
they take a randomly selected set of trancsripts and search for over-represented motifs? Presumably, 
their motif would be more likely to be found in other protrusion-localized transcripts, regardless of cell 
type - is this the case? What about conservation in other species?  

Regarding the cis regulatory motif, the authors would greatly strengthen their study if they could more 
rigorously identify a minimal motif that was sufficient to cause localization (even if it needs to be in 
multiple copies). In this regard, finer deletion analysis/point mutations and heterologous assays would 
be welcome. This would allow for better assessment of its occurrence in other transcripts. Further, it 
may provide additional insights on mechanisms that contribute to its localization. In the absence of a 
consequential cellular or tissue morphogenesis phenotype for RAB13 (both of which are missing so far 
here), it may require disruption of the localization mechanism itself (i.e. whatever protein is binding to 
this motif) to perturb multiple effectors and see a phenotypic effect.  

For the genome editing in HUVEC, I was always under the impression that isolating HUVEC clones was 
very challenging given that they are primary cells and will senesce over a limited number of passages. 
This raises some concerns about these experiments, especially since no controls were performed (e.g. 
parallel generation of clones using irrelevant sgRNA, or targeting downstream of the UTR, also a CDS 
mutation is important for comparison). Mutiple clones would also be important. All of these particular 
controls are important to make sure the observed results are not arising due to some other issue with 
deriving HUVEC clones. It seems that this core set of polarization-localized genes is in many cell types. 
Perhaps it would be easier to pick the cell type (or better yet multiple types) that is most amenable to 
manipulation for these studies.  

The HUVEC studies lack any assessment of migratory or protrusive activity. Are these affected by 
disrupting RAB13 localization? What about directionality? Persistence? Can they sprout in 3D matrix? 
Form tubes in matrigel? Etc. . .? The authors need to assess if there is actually an effect on cell 
migratory behaviors, otherwise the relevance of their current findings is unclear.  

The zebrafish studies suffer from some of the same issues. The authors need controls for the MS2 
localization studies - e.g. a construct with a mutated or deleted LE motif and/or one with "irrelevant" 
UTR for comparison. It is also important to generate a coding sequence mutation for comparison to the 
UTR deletion. The authors should provide an alignment of the cis motif in fish and humans (other 
species would be good to see as well) to assess conservation. This may also aid in finding a minimal 
suffcient localization motif, as noted above.  

Along similar lines, the phenotypic characterization of the zebrafish mutant is quite preliminary. 
Numerous questions and issues need to be addressed: Where and when is rab13 expressed? Lots of 
different non-autonomous defects could lead to the observed phenotype. Therefore it is important to 
know what the overall phenotype of the embryo is. For the ISV defects, is there a defect in circulatory 
system patterning or function? How do defects compare to a full deletion of the coding sequence or a 
UTR deletion that does not remove the cis element? Regardless of cell type affected, experiments to 
address cell autonomy must be performed, eg. transplants or transgene-directed rescues. The latter 
approach on a complete rab13 deletion allele would enable cell autonomous rescue with different UTR 
constructs and should be considered. I would note that if the goal of their efforts is to demonstrate that 
mRNA localization is important for tissue morphogenesis, then what the actual cell type is that exhibits 
a defect is inconsequential - but all of the aforementioned issues need to be addressed regardless.  

Minor comments 

Localization in the zebrafish. The smFISH experiments relied on explanted cells. Presumably 
sensistivity is an issue? Also, what is the localization of rab13 protein in zebrafish? Obviously this is not 



trivial to determine in zebrafish, but would be important confirmatory data. For MS2-visualized 
localization, what is the pattern in non-tip cells?  

". . .monitored the dynamics of rab13 3'UTR mRNA. . ." is written as if you are monitoring endogenous 
transcript, but this is really the 3'UTR from a transgene. Should probably modify this to be more 
explicit.  

Referee #4 (Remarks to the Author): 

Summary:  
Using an RNAseq screen the authors identified mRNAs enriched in protrusions of migrating HUVECs. 
Of 320 identified transcripts, only 5 are targeted to protrusions in all tested cell types, indicating that 
mRNA targeting is very cell type specific and that these 5 transcripts likely have conserved functional 
requirement in motile cells. Conserved and repeated sequence motifs were found in the 3'UTR region 
of these 5 transcripts, indicating a common targeting mechanism.  
The authors then further focus on only 1 transcript, Rab13. Using an MS2-MCP system for visualization 
of the RAB13 mRNA distribution, in combination with several deletion versions of the RAB13 3'UTR 
showed the significance of the RNA motifs for localization of RAB13 mRNA to cellular protrusions and 
allowed identification of a minimal localization element crucial to exclusively polarize mRNA to motile 
EC protrusions and normal filopodia dynamics. Local translation of the polarized mRNA was shown 
using Puro-PLA assays.  
Finally, the authors studied the function of rab13 mRNA polarization in ISV formation in zebrafish as an 
in vivo model of sprouting angiogenesis. Similarly, MS2-MCP visualization of rab13 distribution showed 
accumulation at the leading edge of the cell, but in this case the signal could be observed higher up in 
the filopodia. CRISP-Cas9-mediated excision of a part of the 3'UTR region confirmed that this region is 
crucial for polarization of the transcript to the leading edge, and results in miss-directed branching of the 
ISVs above the horizontal myoseptum.  

Novelty:  
The main finding of this paper is that local protein functions involved in cell and tissue movement can 
be directed to the correct subcellular location via mRNA-mediated compartmentalization. Polarization of 
mRNAs is known to be involved in cell migration, however, their precise functional roles remain largely 
unknown. Here, the authors were able to identify the cis-regulatory elements for Rab13, and showed 
that it's correct function in cell migration is dependent on correct targeting of its transcript and 
subsequent local translation.  

General comments:  
The methods used in this paper are appropriate, as well as the statistics used. Despite the fact that the 
authors found conserved sequence motifs in the 3'UTR of 5 transcripts that likely are all involved in 
conserved functions in motile cells, they only further investigated one of them. They hypothesize that a 
common targeting mechanism is involved in spatial localization of these transcripts. Confirmation of the 
importance of the localization element in at least one other gene would strengthen this hypothesis. 
Furthermore, identification of the trans-acting partner interacting with this recognition sequence and 
mediating the trafficking of Rab13 mRNA (and potentially all cluster k5 mRNAs) to their target location 
would further improve the informational value of this paper. The overall functional importance of their 
finding for guided tissue morphogenesis seems somewhat overstated as the phenotype in vivo appears 
not particularly convincing. Others have shown that guidance of ISVs in can occur in the complete 
absence of filopodia. Misguidance could therefore be the result of other effects that are not directly 
caused by ectopic filopodia. In the absence of more conclusive mechanistic data some of the 
conclusions appear premature or overstated. Having said that, this is a very interesting and original 
piece of work.  

Specific comments: 
- It seems Extended Data Table 1 is missing



- Legend figure 1d,i: meaning of arrows should be explained in the legends (now it is only explained in
the Extended Data legend)
- The data in the paper would be easier to understand if the general mechanism or principle of some of
the crucial methods used would be better explained, like the MS2-MCP system and Puro-PLA. The
data are not easily comprehensible for non-experts.
- It is not clearly explained why only and specifically RAB13 was further investigated. Is the only reason
the presence of 5 motif repeats in a short region of the 3'UTR? Using the MS2 system to test also the
importance of the conserved RNA motifs for localization in another transcript would further strengthen
the conclusion.
- Supplementary Video 1: it would help to better see the colocalization of the MCP-GFPnls signal and
the position of filopodia if the arrowheads pointing to newly formed filopodia where also indicated on the
left panel and/or if the position of the MCP-GFPnls signal was indicated in the right panel
- RAB13 siRNA knockdown results in increased filopodia formation. Fig3d seems to show more
filopodia although quantification in Fig 3e and f indicates decreased number of filopodia
- Figure 3b,c: how comes puro-PLA punctae are detected in the -Puro control?
- There is no reference to Figure 3d in the text
- rab13d3'UTR/d3'UTR embryos: why does the miss-directed branching only occur at the horizontal
myoseptum and not upon sprouting from the dorsal aorta? Can the aberrant branching phenotype also
be observed in other sites of sprouting angiogenesis, like hindbrain vasculature for instance?
- What is the effect of induced ISV hyperbranching, e.g. by Notch inhibition, on rab13 mRNA
localization?
- Supplementary Video 2: it is hard to distinguish the MCP-GFPnls signal in this line and to look at the
distribution of the signal over the cell. Why is the localization of the rab13 mRNA different than in vitro
(in the filopodia rather than at the base)? Despite what is mentioned in the text, the cell in Video 2 is not
a tip cell. It would be better to look at the rab13 mRNA distribution in true tip cell
- The region that was excised from the 3'UTR of the zebrafish rab13 transcript is quite big compared to
the minimal localization element determined in HUVEC, this might affect also other regulatory
mechanisms. Can the same RNA motifs and minimal LE be determined in the zebrafish 3'UTR region
allowing more precise deletion?
- What is the trans-acting partner to mediate targeted localization of Rab13 mRNA and likely also the
other cluster k5 members?
- It would be interesting to also find out the functional role of the other mRNAs with conserved
polarization
- Is the effect of the LE deletion a real loss of function or rather a gain of function that causes
"misguidance". What happens when overexpressing the deletion mutant in the background of WT
Rab13mRNA? This may help to distinguish between the effects.
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Referees' comments: 

Referee #1 (Remarks to the Author): 

The manuscript by Costa et al. reveals a functional role for subcellular localization of an endogenous mRNA 
(Rab13) in endothelial cells using elegant experiments (including gene editing of localization elements) in cell 
culture and in zebrafish. Although Rab13 mRNA was previously shown to localize in protrusions in cultured cells 
(by Mili and Nielsen and colleagues) the functional significance of this process was unclear. And while 
requirements for mRNA localization elements have previously been reported in other organisms, notably yeast 
and Drosophila, this study is the first such example in vertebrates. This is therefore an important study that is 
likely to be seen as a landmark in the mRNA localization field. The paper should also appeal more generally to 
those interested in cell migration and endothelial cell biology as the authors provide evidence that filopodia 
formation is guided by a local translation-based mechanism that prevents formation of these structures at ectopic 
sites (rather than an active mechanism to promote filopodia formation at one location). In addition to the 
advances summarized above, the authors also characterize other mRNA localization patterns in endothelial cells 
that pave the way for future work in this system. 

I am enthusiastic about the manuscript but additional controls are required to back up some of the key 
conclusions. In addition, some clarification is needed to place the findings in the context of other studies on 
Rab13 mRNA localization. 

We appreciate the Referee’s interest and enthusiasm in our manuscript, clearly reflected in their positive 
comments. This is indeed the first study that addresses the role of mRNA localisation in the context of tissue 
formation in a vertebrate, with the potential to become a “landmark” study in the field. Moreover, the reviewer 
rightly mentions that by being the first to report on mRNA localisation in the control of filopodia formation and 
endothelial cell function, our study “paves the way” for further dissection of the critical roles of mRNA localisation 
in the general control of motile cell polarity, as well as in blood vessel growth. 

Major points: 

1. Rab13 appears to have different predicted splice isoforms (at least in human cells) and 3’UTR sequences can
affect splice site selection (e.g. see https://doi.org/10.1016/j.celrep.2019.05.083). Defects in splicing could in 
principle account for the phenotypes observed, independently of mRNA localization, and it is therefore important 
that the authors check if patterns of splicing are altered by the deletion in the 3’UTR. 
The authors should also quantify Rab13 mRNA levels in wild-type and 3’UTR mutant HUVECs to strengthen their 
case that changes in overall mRNA levels do not contribute to the phenotypes in this system. 

The Referee raises an important point that was not discussed in the previous version of our manuscript. To our 
knowledge, whilst the human RAB13 has 5 splice variants resulting in 2 protein and 3 non-protein coding 
transcripts (Table I and Fig. I below), the zebrafish orthologue has 2 protein coding splice variants (Table II and 
Fig. II below). To address the Referee’s concern regarding defects in mRNA splicing upon gene-editing, we 
performed new RNAseq experiments to interrogate RAB13/rab13 splicing patterns in HUVECs and zebrafish 
embryos following CRISPR/Cas9-mediated genomic excision of the localisation elements (LEs). Our sequencing 
results (RNAseq map reads now included in Fig S4E and Fig S7E) show that edited and non-edited 
HUVECs/zebrafish embryos display equivalent RNAseq patterns, consistent with the presence of only one 
protein coding splice variant in both edited and non-edited cells (human RAB13-201 and zebrafish rab13-201, 
Table I and II, Fig. I and II below). Thus, we now confirm that excision of the LE does not disrupt the splicing 
pattern of RAB13/rab13. 

Table I - List of human RAB13 splice variants. 

Name Transcript ID bp Protein Biotype CCDS UniProt RefSeq Match Flags
RAB13-201 ENST00000368575.5 1164 203aa  Protein coding CCDS1058 P51153 NM_002870.5 TSL:1GENCODE basicAPPRIS P1MANE Select v0.8
RAB13-202 ENST00000462680.5 2123 No protein  Processed transcript - - - TSL:2
RAB13-203 ENST00000484297.1 643 No protein  Processed transcript - - - TSL:5
RAB13-204 ENST00000495720.5 868 No protein  Processed transcript - - - TSL:5
RAB13-205 ENST00000614713.4 1353 122aa  Protein coding CCDS72921 A0A087WWB9 - TSL:5GENCODE basic

Authors' Response, Round 1 
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Figure I - Human RAB13 splice variants – ensemble genome browser data. 

Table II - List of zebrafish rab13 splice variants. 

Figure II - Zebrafish rab13 splice variants – ensemble genome browser data. 

The Referee also suggests that RAB13 mRNA levels in CRISPR/Cas9-edited HUVECs should be quantified to 
confirm that observed phenotypes are not due to perturbation of mRNA levels. As such, we have added new data 
quantifying smFISH spot numbers to define absolute mRNA levels in both edited and non-edited HUVECs (Fig 
S4G) and observed no disruption to mRNA levels upon genomic excision of the localisation element (LE). 
Interestingly, correlation of RAB13 mRNA spot counts versus the mRNA polarisation index revealed that 
polarisation of the mRNA is actually independent of mRNA levels, and is only perturbed upon excision of the LE 
(Fig S4H). Most importantly, loss of the LE did not alter total protein levels (Fig. S4I). Hence, we now confirm that 
phenotypes observed in gene-edited HUVECs are not a consequence of perturbed RAB13 mRNA levels or 
translation, but are a consequence of the mis-localisation of RAB13 mRNA. 

2. The consistent phenotypic outcomes of removing the localization elements in the Rab13 3’UTR in HUVECs
and zebrafish (which requires different gRNA sequences) argues against off-target effects of the CRISPR/Cas9 
procedure being responsible for the observed phenotypes. Nonetheless, more needs to be done to strengthen 
this argument, which is the central part of the study. Do the gRNAs used in each experiment have predicted off-
target effects? If so, the authors should check that potential off-target sites are not edited in the cells/animals 
used. 
A powerful experiment, which I would class as desirable but not essential, would be to test if the defects caused 
by removal of the localization element make cells/animals particular sensitive to partial knockdown of Rab13 (by 
incomplete siRNA or heterozygosity for a null mutation in the case of zebrafish). If this were the case, it would be 
very strong evidence for the specificity of the CRISPR/Cas9 phenotypes. 
Or did the authors recover fish with wild-type Rab13 alleles that went through the CRISPR/Cas9 procedure? A 
strong off-target effect might be expected to give phenotypes when this wild-type Rab13 allele is homozygous. 

The Referee raises a key point, as it is possible that gRNA pairs used in CRISPR/Cas9 gene editing could modify 
off-target sequences, albeit at a predicted very low frequency (CRIPSRscan). Nevertheless, we have now 
performed RNAseq experiments using edited HUVECs/zebrafish embryos and carefully analysed the sequence 

Name Transcript ID bp Protein Biotype UniProt Flags
rab13-201 ENSDART00000046922.5 1823 200aa  Protein coding Q7T3A4 APPRIS P1
rab13-202 ENSDART00000131698.3 499 96aa  Protein coding E9QI28 CDS 3' incomplete
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alignments corresponding to off-targets predicted by the gRNA designing tools. In contrast to the precise deletion 
of the LEs in the human and zebrafish RAB13/rab13 3’UTRs, we found no nucleotide mismatches in potential off-
target sequences of expressed transcripts (now included in Fig S4F and Fig S7F), confirming the high-specificity 
of these tools. 

The Referee also suggests several “desirable but not essential” approaches to further test the specificity of 
CRISPR/Cas9 phenotypes. One suggestion was to assess the phenotype of CRISPR/Cas9-derived zebrafish 
embryos that retain homozygous wild type rab13 alleles. Indeed, our observations are based on experiments in 
line with the Referee’s suggestion. Using CRISPR/Cas9, we established a zebrafish line that carries a 
heterozygous edited rab13 3’UTR and these founders were incrossed to generate experimental embryos 
containing homozygous wild-type, heterozygous wild-type / edited and homozygous edited rab13 3’UTRs at 
Mendelian ratios. Hence, in the manuscript, homozygous mutant zebrafish embryos are consistently compared 
against wild-type siblings derived from the same clutch. Consequently, if the phenotype were associated with 
unidentified CRISPR/Cas9 off-targets effects, it would not robustly co-segregate with the rab13 3’UTR mutant 
genotype over multiple generations. However, phenotypes have consistently segregated according to rab13 
3’UTR mutant genotype over all generations analysed to date, confirming the absence of CRISPR/Cas9 off-
target effects. 

Regarding testing of the specificity of CRISPR/Cas9 phenotypes in HUVECs, the Referee suggested further 
“desirable but not essential” experiments to determine the sensitivity of RAB13 3’UTR-edited cells to RAB13 
knockdown. A prediction here was that HUVECs lacking the RAB13 3’UTR LE would be more sensitive to partial 
loss of RAB13. However, in a parallel study by Moissoglu et. al. that is also under consideration at EMBO 
Journal, it was shown that knockdown of RAB13 does not enhance the defects in cell motility / protrusiveness 
observed upon disruption of RAB13 mRNA polarisation. This is due to the targeting of RAB13 mRNA to the cell 
periphery being essential to the co-translational activation of RAB13 protein at this site, hence, RAB13 
knockdown does not further perturb RAB13 function at the cell cortex. Consequently, we would not expect an 
increased sensitivity of RAB13 3’UTR-edited HUVECs to additional knockdown of RAB13, consequently this 
precludes this as an approach to explore off-target effects. However, it should be reiterated that we did not 
observe any edits to predicted off-target sites in mutant HUVECs by RNAseq (Fig. S4F). Moreover, as the 
referee states, similar phenotypic outcomes in HUVECs and zebrafish “argues against off-target effects”. Finally, 
in the parallel study by Moissoglu et. al., a complimentary phenotype was observed in MDA-MB-231 cells using 
an alternative non-genetic approach involving antisense oligonucleotides. Hence, we can confirm that observed 
phenotypes are not due to any off-target effect of CRISPR/Cas9 editing, but due to mutation of the RAB13 
3’UTR.  

3. The importance of Rab13 mRNA localization for cell migration was previously challenged by the observation
that APC is required for localization of this mRNA but not for cell migration (summarized in 
http://www.jbc.org/cgi/doi/10.1074/jbc.R116.715193). Costa et al. need to discuss this point. Is APC required for 
Rab13 mRNA localization in HUVEC cells? If so, might the requirements for APC-mediated Rab13 mRNA 
localization be specific for certain cell types? Is it known if APC is required for branching in the endothelial 
system in zebrafish? 

The Referee raises an important point regarding the seeming discrepancy between (1) the well-established role 
of APC in targeting RAB13 mRNA to the periphery of migrating cells and (2) observations that APC knockdown 
does not impact cell migration in certain cell types. As the referee indicates, this may suggest that APC-mediated 
RAB13 mRNA localisation might not be important for cell migration. However, consistent with a role for APC in 
the regulation of RAB13-mediated endothelial cell migration, APC is indeed critical for HUVEC migration (Harris 
and Nelson, 2010) - although roles in zebrafish vascular development remain unexplored. More importantly, the 
role of RAB13 mRNA localisation in the control of motile cell behaviour has been independently confirmed by a 
parallel study also under consideration at EMBO J (Moissoglu et. al.). Hence, our work, together with that of 
Moissoglu,et. al. clearly demonstrates that RAB13 mRNA localisation is a conserved regulator of migration in 
diverse cellular contexts.  

However, it is also clear that APC does not modulate cell migration in all cell contexts. For example, despite 
demonstrating important roles for RAB13 mRNA localisation in MDA-MB-231 cell migration (Moissoglu,et. al., 
under consideration at EMBO Journal), Mili and colleagues have previously demonstrated that APC is not 
required for fibroblast migration (Mili, Moissoglu and Macara, 2008). A full explanation for this context-
dependency to APC and RAB13 function have yet to fully defined, but likely relate to differences in the mode of 
motility used by distinct cell types, the type of dynamic protrusions employed (i.e. RAB13-dependent or not) or 
the extent to which distinct cell types rely on the spatial control of RAB13-mediated protrusiveness to orient cell 
movement. Indeed, exploration of these scenarios is a focus of future work in the laboratory. Further discussion 
of these points can be added to the manuscript text, if requested.  

4. Additional controls are needed for the PURO-PLA experiments. The authors should repeat the experiment
when Rab13 is knocked down by siRNA in order to confirm the specificity of the antibody in these experiments 
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(not just for western blotting). It would also be desirable to repeat this analysis in the cells that lack the region of 
the 3’UTR required for mRNA localization as this will allow a direct assessment of the link between mRNA 
localization and local translation. 

We agree with the Referee that these data would further strengthen observations that RAB13 is locally translated 
at protrusions. However, we would like to point out that these observations were recently independently validated 
by (Moissoglu et al., 2019). Using similar Puro-PLA tools, as well as the SunTag live translation reporter system, 
Moissoglu et. al. confirmed that RAB13 mRNA is locally translated when targeted to protrusions. Hence, although 
we did not have time to acquire the requested data prior to the COVID-19-releated closure of research facilities, 
the direct “link between mRNA localization and local translation” of RAB13 has already been fully validated.  

Importantly, this recent work from Moissoglu et. al. significantly adds to the impact of our study. A core message 
of our manuscript is that the local targeting of RAB13 mRNA functions to spatially compartmentalise RAB13 
protein action, which in turn orients motile cells both in vitro and in vivo during tissue morphogenesis. One way to 
compartmentalise RAB13 activity would be if such spatial targeting of mRNA could alter the site of RAB13 protein 
synthesis. This was briefly touched upon in our original submission following inclusion of Puro-PLA data 
demonstrating that RAB13 mRNA could be locally translated at protrusions. However, Moissoglu et. al. now fully 
confirms that this is the case using several approaches, providing strong support for our core observation that 
spatial control of RAB13 mRNA localisation can define the site of RAB13 protein action. Indeed, in a parallel 
study also under consideration at EMBO Journal, Moissoglu and colleagues further reveal that RAB13 can co-
translationally assemble with its GEF, RABIF, to locally activate protein. Hence, the work of Moissoglu et. al. 
beautifully complements our study by defining a solid mechanistic model for understanding how local targeting of 
RAB13 mRNA can achieve spatial control of RAB13 activity, as described by our work, which ultimately serves to 
orient motile cell polarity and tissue movement. 

Minor points: 
1. How conserved is the region of the Rab13 3’UTR that mediates localization? An alignment of Rab13
sequences from different species (including human and zebrafish) should be provided in the Extended Data 
section. 

As requested by the Referee, we have now performed a multi-species sequence alignment of the RAB13 LE and 
added it to the revised manuscript as Fig. S6F. Interestingly, despite the highly conserved roles for both human 
and zebrafish 3’UTRs in regulating RAB13 mRNA localisation, we observed a relatively low frequency of ~40% 
absolute nucleotide similarity across the several RAB13 3’UTRs analysed. 

2. The type of statistical tests used for each panel should be specified in the legends or a supplementary table
(depending in the journal’s policy). Currently, the methods state that different tests were performed depending on 
the data distribution, which is correct, but the reader needs to be able to understand which test was applied 
where. 

We agree with the Referee that the specific statistical tests should be mentioned and details of each test have 
been added to the respective figure legends.  

3. The manuscript is mostly clearly written but in some sections it can be made much more concise. There are
also several typos and spelling mistakes in the manuscript: 
E.g.: miss-localization, longstading.

We thank the Reviewer for pointing out mistakes in the manuscript text and we have corrected them accordingly. 

4. In the abstract, insert ‘mRNA’ between ‘endogenous RAB13’ and ‘targeting’ and revise ‘endogenous gene-
edited mRNAs’, which is a potentially misleading term. 

We thank the Reviewer for the suggestions. mRNA has been inserted between “RAB13” and “targeting”; 
“endogenous gene-edited mRNAs” has been replaced by “gene-editing”.  

5. Page 5: “exclusive targeting of mRNA to sites of incipient filopodia formation in cellular protrusions”. Is
targeting really exclusive? Also, is the mRNA in cellular protrusions or in a broader region of the cell that is prone 
to form cellular protrusions? This is an important distinction when trying to understand the spatio-temporal 
aspects of the system. 
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We agree with the Referee that “exclusive targeting” may be a misleading term. Moreover, we apologise for 
being unclear regarding the localisation of RAB13 mRNA. As such, we have clarified this text by replacing it with 
“enriched targeting of mRNA to filopodial protrusions, as well as broader sites of incipient filopodia formation”.  

6. Mili et al. recently reported on the relationship between Rab13 mRNA localization and translation
(https://elifesciences.org/articles/44752). Although this work was in different cell lines to those used by Costa et 
al. the authors should consider citing relevant findings from this study. 

This work had not been published at the time of submission. As such, we thank the Reviewer for the suggestion 
and now refer to this work in our new manuscript draft.  

7. Extended data Figure 2a: is the motif predicted to form a G-quadruplex?

The reviewer raises an interesting question, given that quadruplexes have been implicated in crucial aspects of 
mRNA biology, including targeting (Kharel et al., 2020; Subramanian et al., 2011). We have used the Quadruplex 
forming G-Rich Sequences (QGRS) mapper (http://bioinformatics.ramapo.edu/QGRS/index.php) to analyse the 
motif and indeed detect a predicted quadruplex. The results of this analysis are displayed in Table III below. 
However, whether this motif truly forms a quadruplex in vivo and, if so, whether this structure is responsible for 
recognition by APC and mRNA transport remain to be explored. These questions will certainly be the focus of 
follow-up studies, but we feel that they are beyond the scope of the current manuscript. 

Table III - QGRS analysis of the motif AAGGGUAAAAGGAGGAAGGGA. 

Position Length QGRS G-Score
4 16 GGUAAAAGGAGGAAGG 17
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Referee #3 (Remarks to the Author): 

In this manuscript, the authors investigate how polarized localization of mRNAs can contribute to tissue 
morphogenesis. Through RNAseq analysis of endothelial cell bodies and protrusions, they identify transcripts 
that are selectively localized to cellular protrusions. Comparison with other cell types from published studies 
identified a core set of protrusion-localized genes, including RAB13, which they investigated further. They identify 
a conserved cis element in the 3' UTRs of these transcripts that suggested it is responsible for 
compartmentalization. Deletion of this element in RAB13 in human cells distrupts its localization and leads to 
defects in filopodial dynamics. Further investigation in zebrafish suggests this UTR element is conserved, 
required for cell compartmentalization, and is important for directional migration during endothelial sprouting. 

Conceptually, this work is a potentially impactful move forward in functionally linking the significance of 
subcellular mRNA localization with a cellular and tissue morphogenetic role. However, there are significant 
experimental and technical gaps that leave the work incomplete. Most importantly, any data on how mRNA 
localization (and lack thereof) actually affects cell and tissue morphogenesis is completely lacking. Therefore, the 
studies as they currently stand are only suggestive and preliminary. Particular details are listed below. 

We appreciate the Referee’s recognition that our work is impactful and will move the field of mRNA localisation 
forward, but also acknowledge that we only briefly touch upon the mechanistic link between mRNA localisation 
and downstream changes to cell behaviour. However, it is important to highlight a parallel manuscript by 
Moissoglu et. al., which is also currently under consideration at EMBO Journal and perfectly complements our 
work by filling in these mechanistic gaps. In particular, whilst we show that disruption to the polarised distribution 
of RAB13 mRNA alters the spatial pattern of actin remodelling in endothelial cells and perturbs tissue movement, 
Moissoglu and colleagues demonstrate that RAB13 mRNA targeting can achieve this by dictating the location of 
RAB13 activity via control of its co-translational interaction with its GEF, RABIF. Hence, the work of Moissoglu et. 
al. greatly strengthens our novel findings by providing a solid mechanistic basis for why RAB13 mRNA targeting 
can influence the location of filopodia remodelling, motile cell polarity and oriented tissue movement, by defining 
the sites of local RAB13 GTPase activation. 

Major concerns. 

The computational work applied throughout the study is incompletely described and a bit weak. For example, 
RNAseq analysis of HUVEC protrusions only relies on duplicate samples and no statistical values are given (e.g. 
in Fig 1b). 

We understand the Referee’s concerns regarding a lack of reference to statistical values. As such, we have now 
applied a statistical cut-off to the data based on the false discovery rate (FDR) p-value (q-value). In the latest 
version of the manuscript, the RNAseq data is now plotted in the form of a volcano plot that displays 
protrusion/cell body enrichment against FDR (See Fig. 1B). mRNAs with a fold enrichment >1.6 and q<0.05 are 
considered to be enriched in protrusions over cell bodies and are now represented as green dots in the volcano 
plot. 

This issue is further compounded by the k-means clustering, which shows a pretty clear cluster for the previously 
published data, but is much less convincing for HUVEC. It seems the authors could have easily identified this 
signature without the HUVEC analysis. If they insist on including the HUVEC data, appropriate statistical cut-offs 
should be applied, as well as any manipulations to apply normalization or batch effects to accurately compare the 
public data with their own. 

To clarify, selection of mRNAs for clustering analyses is fundamentally restricted to only transcripts enriched in 
HUVEC protrusions. If clustering is performed without these transcript restrictions, the analyses generates 
clusters containing mRNAs not even expressed in this cell type and/or not enriched in HUVEC protrusions. As 
such, the HUVEC protrusion data is essential, as k-means clustering analyses lacking this data would not reveal 
the cluster of potential universal modulators of motile cell behaviour that we identify. However, we agree with the 
Referee that a statistical cut-off must be applied and the data must be normalised. Thus, we have now selected 
HUVEC protrusion-enriched mRNAs based not only on a fold enrichment threshold >1.6 but also the statistical 
cut-off q<0.05. Moreover, to normalise the data, the protrusion/cell body enrichment levels of the public RNAseq 
data sets from other cell lines that we used were extracted, scaled and centred, prior to inclusion in k-means 
clustering analyses. Although the new clustering output is inevitably slightly different to the one presented in the 
original manuscript submission, mRNAs identified in k5 consistently remain exclusively clustered together (Fig. 
1C, S1A).   

Similarly, it is unclear how the cis regulatory motif was identified. Was this by computational means? Is this 
significantly enriched in only the k5 protrusion-localized transcripts? 
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The cis-regulatory motif was identified using the MEME Suite (http://meme-suite.org/) and information on the 
motif is now provided in Table S3. As requested, we have also included an additional panel to Fig S2B 
demonstrating that the motif is present in 100% of the mRNAs clustered in k5, but at a much lower frequency in 
all remaining clusters, as determined by FIMO motif analyses.  

What happens if they take a randomly selected set of trancsripts and search for over-represented motifs? 
Presumably, their motif would be more likely to be found in other protrusion-localized transcripts, regardless of 
cell type - is this the case? What about conservation in other species? 

The Referee raises an interesting question about the specificity of the identified mRNA motif to only protrusion-
localised transcripts, and about conservation of this motif between species. To address these points, first we took 
the 3’UTRs of the 15-most cell body-enriched transcripts in our RNAseq analyses (i.e. non-protrusion targeted 
mRNAs) and performed a motif discovery search using the MEME Suite. As expected, the enriched motifs 
identified by this search bear no resemblance to the k5 cluster motif identified in our study (See Fig. IV below). 
When combined with the evidence that this k5 cluster motif is underrepresented in transcripts from other mRNA 
clusters with distinct polarisation patterns (See answer to comment above), these data are consistent with a high 
specificity of this motif to k5 cluster mRNAs and a key role in the targeting of these mRNAs to protrusions.  

Second, to investigate conservation of the k5 mRNA motif between species, we scanned the 3’UTR of various 
RAB13 orthologues for the presence of this motif. We found the motif to be present in 3’UTRs of all tested 
mammalian orthologues, but observed little conservation through to the zebrafish rab13 3’UTR, which may be 
expected considering the evolutionary distance between the human and zebrafish genomes. Importantly, the 
homologous motif we identified in the mouse transcript precisely overlapped the region of the Rab13 3’UTR 
shown to promote mRNA targeting in NIH/3T3 fibroblasts in a parallel study by Moissoglu et. al., which is also 
under consideration at EMBO Journal. Hence, at least in mammals, the RAB13 mRNA motif is highly conserved 
between species at both the level of sequence and function.  

Figure IV - Motifs over-represented in 3’UTRs of mRNAs enriched in cell bodies. 

Regarding the cis regulatory motif, the authors would greatly strengthen their study if they could more rigorously 
identify a minimal motif that was sufficient to cause localization (even if it needs to be in multiple copies). In this 
regard, finer deletion analysis/point mutations and heterologous assays would be welcome. This would allow for 
better assessment of its occurrence in other transcripts. Further, it may provide additional insights on 
mechanisms that contribute to its localization. 

We agree with the Referee that finer mutational analysis of the k5 mRNA motif could potentially identify a minimal 
motif responsible for mRNA targeting to cell protrusions. However, from both existing data and new data we have 
acquired, it appears that distinct gene transcripts have very different minimal requirements for the number of 
motifs needed to drive targeting. For example, our previous deletion analysis of four motifs in the RAB13 3’UTR 
using the MS2 system (Fig. 1J) revealed that deletion of each motif individually was insufficient to block targeting. 
In contrast, a larger deletion of all four 3’UTR motifs was sufficient to entirely disrupt RAB13 targeting. Likewise, 
constructs containing only two of the RAB13 3’UTR motifs were unable to drive targeting to protrusions, whereas 
those with four motifs were. Hence, RAB13 has a minimal requirement of three to four motifs for mRNA targeting. 
However, our new data reveal that protrusion targeting of another cluster k5 mRNA, TRAK2, can be entirely 
disrupted upon precise deletion of just one motif (See Fig. S2E). These new data further confirm the critical role 
of the 3’UTR motif in k5 mRNA targeting, but they also clearly demonstrate that distinct transcripts require 
different numbers of this motif. For this reason, we believe that a universal minimal motif for mRNA polarisation 
may not exist, and the full context of the LE, in which several copies of the motif and other key regulatory 
sequences may be embedded, is required for robust mRNA targeting and varies between genes. 

In the absence of a consequential cellular or tissue morphogenesis phenotype for RAB13 (both of which are 
missing so far here), it may require disruption of the localization mechanism itself (i.e. whatever protein is binding 
to this motif) to perturb multiple effectors and see a phenotypic effect.  
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Here, the Referee suggests that a more acute in vivo phenotype may be observed upon combinatorial disruption 
of the trafficking of all k5 mRNAs. This is a good point, yet it is key to point out that the objective of this in vivo 
work was not to obtain the most severe vascular phenotype, but to corroborate in vitro observations that RAB13 
mRNA targeting functions to orient motile cell polarity in an in vivo context. Prior to our study, a vast body of 
literature had investigated polarised mRNA targeting during cell migration in vitro, but the function of this 
phenomenon and any in vivo relevance were lacking. Whilst observation of a highly acute phenotype upon the 
mutation of the rab13 LE would have been compelling, our work is the first to reveal a clear conserved role for 
mRNA targeting in the spatial regulation of motile cell polarity, both in vitro and more importantly during oriented 
tissue movement in a vertebrate organism. Hence, this study represents a step-change in our understanding of 
the general function and relevance of this phenomenon to tissue formation. Indeed, it is remarkable that we 
observed such an obvious phenotype in vivo at all, considering that it is only the location of a single mRNA, not 
it’s expression, that is perturbed in mutant embryos.  

Nevertheless, the Referee correctly points out that perturbation of the global localisation mechanisms that 
transport RAB13 and other k5 cluster mRNAs may generate a more acute phenotype. It is well established that 
polarised trafficking of RAB13 mRNA is mediated by APC in multiple cellular contexts (Mili, Moissoglu and 
Macara, 2008; Wang et al., 2017). However, in addition to mRNA trafficking, APC also plays key roles in the 
regulation of Wnt/β-catenin signalling pathway and consequently zebrafish apc mutation induces severe 
pleiotropic, early embryonic lethality phenotypes (Hurlstone et al., 2003). As such, dissecting the specific role of 
APC-mediated mRNA trafficking in this mutant background would be highly challenging. As an alternative, 
considering our new data defining the functional targeting regions of all k5 mRNAs (See Fig. S2D,E), we could 
generate combinatorial zebrafish LE mutants for all of the k5 cluster mRNAs. However, this would require a 
considerable effort (~9 months to 1 year), and as the priority of this study was to focus on RAB13/rab13 mRNA 
function, we feel these experiments are beyond the scope of the current manuscript and will be a focus of future 
studies. 

For the genome editing in HUVEC, I was always under the impression that isolating HUVEC clones was very 
challenging given that they are primary cells and will senesce over a limited number of passages. This raises 
some concerns about these experiments, especially since no controls were performed (e.g. parallel generation of 
clones using irrelevant sgRNA, or targeting downstream of the UTR, also a CDS mutation is important for 
comparison). Mutiple clones would also be important. All of these particular controls are important to make sure 
the observed results are not arising due to some other issue with deriving HUVEC clones. It seems that this core 
set of polarization-localized genes is in many cell types. Perhaps it would be easier to pick the cell type (or better 
yet multiple types) that is most amenable to manipulation for these studies. 

The Referee’s suggestion of controls for the CRISPR/Cas9 editing of HUVECs is extremely important and we 
apologise for a lack of clarity regarding our methodology, as we had already performed such controls. First, as 
the Referee states, HUVECs do indeed have a limited passage span, hence, HUVECs were not used beyond 
passage 7 and did not display senescence prior to use. Second, we did indeed include appropriate controls as 
requested by the Referee. Control cells (labelled as wild-type cells in the manuscript) were clonally derived from 
individual HUVECs that expressed co-transfected GFP plasmid but showed no CRISPR-Cas9 excision of the LE 
in the 3’UTR. These cells were always expanded and tested in parallel with mutant cells to avoid issues related 
to clonal derivation of HUVECs. As such, these cells were the ideal control as they were treated with the same 
sgRNA and were processed under the exact same conditions as mutant cells, but just did not acquire the RAB13 
mutation. Finally, as requested by the Referee, all the data were indeed collected from multiple clones (3x 
independent wild type clones and 3x independent mutant clones). To clarify these points, we now add these 
details to the respective Figure legends and Methods text, as well as include an extra figure panel detailing this 
methodology (Fig S4A). 

The HUVEC studies lack any assessment of migratory or protrusive activity. Are these affected by disrupting 
RAB13 localization? What about directionality? Persistence? Can they sprout in 3D matrix? Form tubes in 
matrigel? Etc. . .? The authors need to assess if there is actually an effect on cell migratory behaviors, otherwise 
the relevance of their current findings is unclear. 

We agree with the Referee that, although we do demonstrate that RAB13 mRNA targeting achieves spatial 
control of membrane protrusions in vitro and oriented movement in vivo, further characterisation of effects on cell 
migration in vitro would be useful. As such, we now point the reviewer to a parallel in vitro study by Moissoglu et. 
al. that is also under consideration at EMBO Journal, and which defines key roles for RAB13 mRNA localisation 
in the control of cell protrusion/retraction, migration and invasion through Matrigel. As such, the study by 
Moissoglu et. al. perfectly complements our work by revealing conserved roles for RAB13 mRNA targeting in cell 
migration. Moreover, where Moissoglu and colleagues fail to address questions related to why migrating cells 
would choose to polarise RAB13 mRNA at precise focal sites within cells or any in vivo relevance of this 
phenomenon, our work fills in these gaps by uniquely demonstrating that this mRNA polarisation functions to 
spatially orient cells both in vitro and in vivo. Hence, taken together, these complementary observations 
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significantly enhance the impact of both studies and provide a complete answer to Referee’s question. 

The zebrafish studies suffer from some of the same issues. The authors need controls for the MS2 localization 
studies - e.g. a construct with a mutated or deleted LE motif and/or one with "irrelevant" UTR for comparison. 
It is also important to generate a coding sequence mutation for comparison to the UTR deletion. The authors 
should provide an alignment of the cis motif in fish and humans (other species would be good to see as well) to 
assess conservation. This may also aid in finding a minimal sufficient localization motif, as noted above. 

The Referee raises several valid points regarding our studies in zebrafish, which we have now addressed with 
new data. First, as requested by the Referee, we have added new data showing that control constructs lacking 
the rab13 LE fail to promote transcript targeting to the leading edge of migrating cells in vivo (new Fig. S6D). 
Hence, co-targeting of the rab13 transcript and MCP-GFP is confirmed to be a specific property of the rab13 LE. 

Second, as suggested by the Referee, we have now investigated the effects of RAB13 loss of function using 
CRIPSRi (See Fig. III above). We chose this approach as mutation of many genes in zebrafish does not reveal 
full null phenotypes due to genetic compensation, whereas CRISPRi inhibits transcript elongation and is known 
to circumnavigate these issues (El-Brolosy et al., 2019; Rossi et al., 2015). Disruption of rab13 using CRISPRi 
generated a very similar phenotype to previous knockdown studies using morpholino oligonucleotides (MOs) (Wu 
et al., 2011), whereby ISVs appeared heterogenous in length and were frequently stunted versus cav-1 gRNA-
injected controls (Arrowheads in Fig. IIIB above). This phenotype is more severe than that observed upon 
mutation of just the rab13 LE, but as discussed in response to Referee 2, this is expected as all Rab13-mediated 
cellular functions are perturbed by CRISPRi/MO kcockdown, whereas only local activation of Rab13 at the cell 
periphery is disrupted in rab13 LE mutants. As such, the CRISPRi/MO phenotypes aid understanding of the 
global function of Rab13, but provide minimal insights into the specific function of rab13 mRNA targeting. In 
contrast, phenotypes observed upon rab13 LE mutation can be specifically ascribed to loss of rab13 mRNA 
polarisation. 

Finally, as request by the Referee, we have now added a sequence alignment of the human RAB13 LE with 
other species (Fig. S6F). As discussed in response to Referee 1 and 2, this analysis reveals relatively poor 
conservation between the human LE and zebrafish (~57%; see Table IV above), despite full conservation of the 
targeting function of this region between species. Consequently, this alignment does not aid in identification of a 
universal minimal targeting motif, and indeed, the numbers of these motifs required to drive mRNA targeting may 
vary between distinct transcripts and species, as discussed above in response to another comment by Referee 3. 

Along similar lines, the phenotypic characterization of the zebrafish mutant is quite preliminary. Numerous 
questions and issues need to be addressed: Where and when is rab13 expressed? Lots of different non-
autonomous defects could lead to the observed phenotype. Therefore it is important to know what the overall 
phenotype of the embryo is. For the ISV defects, is there a defect in circulatory system patterning or function? 
How do defects compare to a full deletion of the coding sequence or a UTR deletion that does not remove the cis 
element? Regardless of cell type affected, experiments to address cell autonomy must be performed, eg. 
transplants or transgene-directed rescues. The latter approach on a complete rab13 deletion allele would enable 
cell autonomous rescue with different UTR constructs and should be considered. I would note that if the goal of 
their efforts is to demonstrate that mRNA localization is important for tissue morphogenesis, then what the actual 
cell type is that exhibits a defect is inconsequential - but all of the aforementioned issues need to be addressed 
regardless. 

The Referee raises several valid points related to the phenotypic characterisation of rab13 LE mutant embryos. 
First, using the single cell atlas recently released by the Miller lab (Farnsworth, Saunders and Miller, 2020) we 
reveal that rab13 is expressed in a wide range of zebrafish embryonic cell types through day 1 to day 5 h.p.f (See 
Fig. V below). Importantly, rab13 is highly enriched in the endothelial cell cluster that co-expresses kdr and kdrl, 
confirming expression in the vasculature. Moreover, our new smFISH data revealing rab13 expression in 
explanted zebrafish endothelial cells further provides direct evidence that rab13 is expressed in this cell 
population (Fig. 4B-D). 

Next, we apologise for a lack of clarity regarding the overall embryonic phenotype rab13 LE mutants. To confirm, 
embryos lacking the rab13 LE are viable, can be recovered at classic Mendelian ratios and have no detectable 
additional embryonic phenotypes other than the observed defects in ISV branching. Moreover, there are no 
detected broader defects in cardiac function and/or gross vascular patterning that may underlie the observed 
path finding defects, indicating that this phenotype is highly specific to migrating endothelial cells. We have 
added extra text to the manuscript to clarify these points.  

For a full discussion of how the rab13 LE mutant phenotype compares to a global loss of rab13 function, please 
see the response to the Referee’s comment above this one. In summary, global loss of rab13 function results in a 
more severe ISV stalling phenotype, indicating perturbation of more aspects of Rab13 function than observed 
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upon mutation of the rab13 LE alone. As such, our work nicely dissects the key functional differences between 
peripheral targeted/translated rab13 and the rest of the Rab13 protein pool.  

 
Figure V - Single-cell RNA-seq atlas shows rab13 and kdrl expression levels (Range) in a distinct endothelial cell 
clusters from 1 to 5 h.p.f.  
 
Finally, the Referee suggests two alternative approaches to exploring cell-autonomy in vivo, but unfortunately 
both were impracticable in the context of this project. Firstly, cell transplantation is exceedingly challenging for 
such live-cell imaging studies with mutant strains. Only one in four donors will be mutant, limiting acquisition of 
live-cell imaging data to a maximum of one or two mutant-transplanted host embryos per week. Only hosts 
containing transplanted cells at the leading tip position of ISVs can be quantified (~25-50% hosts). Moreover, 
only ~40% of these cells will display defects in pathfinding. Consequently, completion of this work with sufficient n 
numbers would require several months of effort exclusively dedicated to this experiment, which was not possible 
prior to the COVID-19-related closure of research facilities. Secondly, as for other Rab proteins, the extreme 
dose-sensitivity of cells to rab13 expression precludes transgene-directed rescue experiments. Even subtle 
overexpression of wild-type RAB13 is sufficient to disrupt membrane trafficking (Nokes, 2008), induce autophagy 
(Zhang, 2017) and disrupt cell-cell junction dynamics (Marzesco, 2002) amongst other processes. As such, the 
output of transgene-directed rab13 expression cannot be clearly ascribed to gene rescue. 
 
However, it is important to note that the design of our genetic approach already confirms the specificity of the 
observed phenotype, as rab13 LE mutation specifically impacts only motile cells. For classic coding sequence 
mutations, transplantation / rescue experiments are useful to dissect cell-autonomous phenotypes, as all cells in 
the organism are affected by gene loss or gain of function. In contrast, the non-coding rab13 LE mutation does 
not impact global mRNA or protein levels, but very precisely impacts RAB13 activity just at motile cell processes 
and not at any other subcellular sites (Fig. S4G-I, S7J and parallel study by Moissoglu et. al. that is also under 
consideration at EMBO Journal). Hence, the rab13 LE mutation exclusively affects only motile cells, emphasising 
the high specificity of this approach. Indeed, even within migrating endothelial cell populations, it is only the most 
motile of cells that require the RAB13 LE for mRNA targeting and would be affected by LE mutation (See Fig. 
S3). As none of the tissues surrounding ISVs are motile at the experimental stages investigated, they would be 
unaffected by rab13 LE mutation. Hence, observed phenotypes are conclusively a consequence of specific 
defects in endothelial cell movement. 
 
 
Minor comments 
 
Localization in the zebrafish. The smFISH experiments relied on explanted cells. Presumably sensistivity is an 
issue? Also, what is the localization of rab13 protein in zebrafish? Obviously this is not trivial to determine in 
zebrafish, but would be important confirmatory data. For MS2-visualized localization, what is the pattern in non-
tip cells?  
 
The Referee raises several questions regarding rab13 mRNA and Rab13 protein localisation in zebrafish 
endothelial cells. First, we can confirm that the broad expression of rab13 mRNA in non-endothelial tissues 
precludes whole-mount smFISH assays to define mRNA localisation, as we cannot distinguish endothelial rab13 
from any transcript expressed in adjacent cells. However, rather than using explanted cells of unclear identity to 
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investigate rab13 mRNA localisation, we have now added new smFISH experiments using explanted zebrafish 
endothelial cells (Fig. 4B-D). These assays clearly reveal polarised rab13 mRNA in migrating endothelial cells, as 
well as disruption of this localisation upon mutation of the rab13 LE. 

Regarding protein localisation, we have been unable to robustly detect Rab13 protein in this setting (or in 
zebrafish in vivo), likely due to a lack of epitope recognition by antibodies raised against mammalian RAB13. This 
is a common issue with detection of zebrafish protein using pre-existing antibodies, and to rectify this issue we 
would need to raise a novel antibody using an equivalent zebrafish epitope. Nevertheless, studies in HUVECs 
(new Fig. S5E) and MDA-MB-231 cells (Moissoglu et. al., also under consideration at EMBO Journal) confirm 
that RAB13 protein is homogeneously distributed throughout the cytoplasm with a slight enrichment at 
perinuclear sites. Hence, the peripheral localisation of RAB13 mRNA does not promote polarised localisation of 
RAB13 protein. In contrast, it serves to drive local activation of a subset of the protein pool at the cell periphery, 
as discussed in greater detail in response to several of the Referee’s comments above, as well as in in the 
parallel manuscript by Moissoglu et. al. 

Finally, as the Referee requests, we have now added data using the MS2 system that highlights the localisation 
of rab13 mRNA in non-tip cells (i.e. migrating stalk cells; See Fig. S6C and Movie S4). This new data reveals that 
rab13 mRNA remains consistently polarised at puncta towards the front of these collectively migrating cells, 
although the functional relevance of this localisation in stalk cells remains to be investigated. 

". . .monitored the dynamics of rab13 3'UTR mRNA. . ." is written as if you are monitoring endogenous transcript, 
but this is really the 3'UTR from a transgene. Should probably modify this to be more explicit. 

We agree with the Referee that this sentence may be misleading and have modified it to "…monitored the 
dynamics of the rab13 3'UTR reporter…" 
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Referee #4 (Remarks to the Author): 

Summary: 
Using an RNAseq screen the authors identified mRNAs enriched in protrusions of migrating HUVECs. Of 320 
identified transcripts, only 5 are targeted to protrusions in all tested cell types, indicating that mRNA targeting is 
very cell type specific and that these 5 transcripts likely have conserved functional requirement in motile cells. 
Conserved and repeated sequence motifs were found in the 3’UTR region of these 5 transcripts, indicating a 
common targeting mechanism. 
The authors then further focus on only 1 transcript, Rab13. Using an MS2-MCP system for visualization of the 
RAB13 mRNA distribution, in combination with several deletion versions of the RAB13 3’UTR showed the 
significance of the RNA motifs for localization of RAB13 mRNA to cellular protrusions and allowed identification 
of a minimal localization element crucial to exclusively polarize mRNA to motile EC protrusions and normal 
filopodia dynamics. Local translation of the polarized mRNA was shown using Puro-PLA assays. 
Finally, the authors studied the function of rab13 mRNA polarization in ISV formation in zebrafish as an in vivo 
model of sprouting angiogenesis. Similarly, MS2-MCP visualization of rab13 distribution showed accumulation at 
the leading edge of the cell, but in this case the signal could be observed higher up in the filopodia. CRISP-Cas9-
mediated excision of a part of the 3’UTR region confirmed that this region is crucial for polarization of the 
transcript to the leading edge, and results in miss-directed branching of the ISVs above the horizontal 
myoseptum. 

Novelty: 
The main finding of this paper is that local protein functions involved in cell and tissue movement can be directed 
to the correct subcellular location via mRNA-mediated compartmentalization. Polarization of mRNAs is known to 
be involved in cell migration, however, their precise functional roles remain largely unknown. Here, the authors 
were able to identify the cis-regulatory elements for Rab13, and showed that it’s correct function in cell migration 
is dependent on correct targeting of its transcript and subsequent local translation. 

General comments: 
The methods used in this paper are appropriate, as well as the statistics used. Despite the fact that the authors 
found conserved sequence motifs in the 3’UTR of 5 transcripts that likely are all involved in conserved functions 
in motile cells, they only further investigated one of them. They hypothesize that a common targeting mechanism 
is involved in spatial localization of these transcripts. Confirmation of the importance of the localization element in 
at least one other gene would strengthen this hypothesis. 
Furthermore, identification of the trans-acting partner interacting with this recognition sequence and mediating 
the trafficking of Rab13 mRNA (and potentially all cluster k5 mRNAs) to their target location would further 
improve the informational value of this paper. 
The overall functional importance of their finding for guided tissue morphogenesis seems somewhat overstated 
as the phenotype in vivo appears not particularly convincing. Others have shown that guidance of ISVs in can 
occur in the complete absence of filopodia. Misguidance could therefore be the result of other effects that are not 
directly caused by ectopic filopodia. In the absence of more conclusive mechanistic data some of the conclusions 
appear premature or overstated. Having said that, this is a very interesting and original piece of work. 

We appreciate the Referee’s enthusiasm about the novelty of our findings and positive comments regarding our 
manuscript’s experimental approach. Indeed, this is the first study to support the role of mRNA localisation in the 
spatial control of cell migration and most importantly, in tissue morphogenesis. For this, we generated the first 
tissue-specific reporter of mRNA localisation in a vertebrate animal, and use genetic techniques to uniquely 
manipulate a 3’UTR LE in zebrafish, an approach that has been rarely attempted in vitro. 

However, the Referee does raise some valid concerns in their opening statement. First, the Referee is correct to 
mention that confirmation of the importance of LE function in other cluster k5 mRNAs and an understanding of 
the identity of trans-acting partners responsible for mRNA trafficking would be important. Indeed, in response to 
specific Referee comments below related to these issues, we now present new data confirming LE function in 
other k5 transcripts and provide discussion of the key role APC plays in RAB13/k5 mRNA targeting. In addition, 
the Referee cautions that work from another group, which demonstrates that complete disruption of filopodia 
does not promote mis-guidance of ISVs (Phng, Stanchi and Gerhardt, 2013), may contradict our observations. 
However, it is critical to note that the results of the study by Phng and colleagues are entirely consistent with our 
work. Phng et. al. revealed that loss of filopodia significantly delay ISV migration, and that tip cells lacking 
filopodia consistently stall at the horizontal myoseptum (HM). Hence, similar to rab13 LE mutants, ECs lacking 
filopodia struggle with this key pathfinding decisions at the HM location. Importantly, the complete disruption of 
filopodia explored by Phng and colleagues cannot be directly compared with the mis-localisation of filopodia we 
report. According to our model, cells lacking filopodia would not make incorrect guidance decisions as observed 
in rab13 LE mutants, but would take longer to make these decisions, consistent with observations by Phng et. al. 
In contrast, the ectopic expansion of filopodia we observe would promote promiscuous exploration of the local 
environment, mis-interpretation of surrounding guidance cues and subsequent poor pathfinding decisions. 
Hence, data presented by Phng et. al. is highly consistent with our work, as further discussed in response to 
specific Referee comments below. Moreover, a parallel study by Moissoglu et. al., which is also under 
consideration at EMBO Journal, reveals that the role of RAB13 mRNA targeting in modulating cell protrusions is 
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highly conserved between distinct cell types. Hence, roles for RAB13 mRNA polarisation in the spatial control of 
membrane process dynamics and motile cell polarity may be a conserved feature of tissue formation in other 
cellular contexts. 

Specific comments: 
- It seems Extended Data Table 1 is missing

We apologise for this mistake and have included Extended Data Table 1 in this new submission.  

- Legend figure 1d,i: meaning of arrows should be explained in the legends (now it is only explained in the
Extended Data legend) 

We thank the Referee for the suggestion and a description of the meaning of these arrows has now been added 
to the figure legends. 

- The data in the paper would be easier to understand if the general mechanism or principle of some of the
crucial methods used would be better explained, like the MS2-MCP system and Puro-PLA. The data are not 
easily comprehensible for non-experts. 

The Referee indicates that some technical details are not fully detailed in the manuscript and should be made 
clear for the broad readership of the journal. To complement the diagrams that depict the principles underpinning 
MS2-MCP and Puro-PLA assays (See Fig S2C and Fig 3A, respectively), we have added new explanatory 
details to the manuscript text when introducing data based on these methods. 

- It is not clearly explained why only and specifically RAB13 was further investigated. Is the only reason the
presence of 5 motif repeats in a short region of the 3’UTR? Using the MS2 system to test also the importance of 
the conserved RNA motifs for localization in another transcript would further strengthen the conclusion. 

As the Referee hints, one reason why we prioritised the RAB13 3’UTR for functional interrogation was that it 
contains a group of 5 motifs within a short stretch that aided mutational analyses. In addition, as mentioned in the 
manuscript text, the RAB13 protein also has strong links to regulation of cortical actin dynamics, making it an 
ideal candidate for spatial control of motile cell behaviour.  

Regarding the Referee’s second point, we agree that determining whether the k5 mRNA motif is functional in 
transcripts other than RAB13 is critical to prove that this conserved sequence underpins co-regulation of k5 
mRNA targeting. To address this point, we first generated MS2 constructs containing the 3’UTRs of KIF1C / 
NET1 / RASSF3 / TRAK2 and confirmed that, similar to the RAB13 3’UTR, these sequences drive mRNA 
localisation to endothelial cell protrusions (See new Fig S2D,E). Next, we examined the distribution pattern of the 
identified motif in all 3’UTRs and generated additional truncated MS2 constructs that either consisted of 
fragments containing all motifs within a particular 3’UTR or containing reduced numbers (or none) of the motifs 
(See Fig. S2E). This approach revealed that the motif repeats are highly restricted to 3’UTR sequences that 
robustly target the reporter mRNAs to cell protrusions (Fig S2E). Finally, we demonstrate that excising a single 
repeat of the motif within the most proximal region of TRAK2 3’UTR fully abolishes the localisation activity of this 
region. Altogether, our new data show that the motif enriched in k5 mRNAs has conserved functions across 
multiple k5 cluster transcripts. Moreover, given that several proteins encoded by the remaining k5 mRNAs have 
also been linked to actin remodelling, it is tempting to speculate that their co-targeting and localised translation in 
motile cells may participate in a coordinated regulation of actin dynamics at the leading edge. Indeed, this 
hypothesis will be a focus of future work in the laboratory.  

- Supplementary Video 1: it would help to better see the colocalization of the MCP-GFPnls signal and the position
of filopodia if the arrowheads pointing to newly formed filopodia where also indicated on the left panel and/or if 
the position of the MCP-GFPnls signal was indicated in the right panel. 

We fully agree with Referee that displaying arrowheads indicating newly-formed filopodia in Supplementary 
Video 1 would visually strengthen the message that filopodia are generated in close proximity to the cytoplasmic 
MCP-GFPnls signal. As such, we have added arrowheads to the new version of the video (left panel of Movie 
S1).  

- RAB13 siRNA knockdown results in increased filopodia formation. Fig3d seems to show more filopodia
although quantification in Fig 3e and f indicates decreased number of filopodia 
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We agree with the Referee that the image presented in Fig. 3D does not identically match quantifications 
presented in Fig. 3E,F. As discussed in response to Referee 2, the morphology of these cells is highly 
heterogeneous and the presented examples were primarily selected to emphasise the significant differences in 
filipodia number observed at distal sites upon loss of RAB13. Indeed, it would be very difficult to identify an 
individual cell that exactly mirrors the output of our average quantified data. Hence, the power of this analyses 
lies predominantly in the significance of the population level effects of RAB13 knockdown quantified in Fig. 3F. 
We have added new text to the manuscript to clarify this point.  

- Figure 3b,c: how comes puro-PLA punctae are detected in the -Puro control?

The Referee rightly queries the detection of low levels of Puro-PLA punctae in cell protrusions not exposed to 
Puromycin (-Puro). In these controls, newly translated protein would not be labelled with Puromycin in the 
nascent peptide chains and the absence of punctae may be expected. However, with all Puro-PLA analyses 
there is a low rate of non-specific signal generated by the PLA assay itself, as can be seen in -Puro controls from 
the original publication reporting this method (tom Dieck et al., 2015), as well as in more recent work investigating 
RAB13 translation by Puro-PLA (Moissoglu et al., 2019). Importantly, despite these background counts, there is a 
clear enrichment of Puro-PLA puncta in protrusions exposed to Puromycin versus the -Puro controls (Fig. 3C).   

- There is no reference to Figure 3d in the text

We thank the Referee for indicating the absence of a reference to Fig 3D and we have now added it to 
manuscript when describing this data on Page 7. 

- rab13d3’UTR/d3’UTR embryos: why does the miss-directed branching only occur at the horizontal myoseptum
and not upon sprouting from the dorsal aorta? 

This is an interesting point raised by the Referee and likely relates to the horizontal myoseptum (HM) being a 
critical decision point during ISV migration. To ensure correct patterning of ISVs, as endothelial tip cells reach the 
HM they need to need to correctly decide to migrate dorsally past the neural tube, rather than between the neural 
tube and notochord (See Fig. S7I). As such, there are critical guidance cues (e.g. sempahorin-plexin) that 
correctly orient migrating endothelial cells. Indeed, previous studies have shown that embryos deficient for such 
guidance factors display clear branching abnormalities at the HM level (Torres-Vazquez et al., 2004; Lamont, 
Lamont and Childs, 2009; Lu et al., 2004). Consistent with these observations, Phng et al. (2013) demonstrated 
that sprouting zebrafish ISVs devoid of filopodia excessively pause at HM, further strengthening the hypothesis 
that filopodia-mediated decision-making drives correct pathfinding during ISV formation at this complex transition 
point. 

Can the aberrant branching phenotype also be observed in other sites of sprouting angiogenesis, like hindbrain 
vasculature for instance? 

The Referee queries whether other vascular beds undergoing angiogenesis display similar sprouting defects to 
the ISVs upon mutation of rab13 3’UTR in zebrafish. To date, we have not detected sprouting defects at other 
sites. However, as discussed in response to the Referee’s comment above, we should note that ISV migration 
appears to be particularly susceptible to perturbation, likely due to the environmental complexity of this migratory 
route. Indeed, we observe low rates of defective pathfinding even in wild-type and heterozygous embryos (~3% 
of embryos versus 40% in rab13 LE mutants), which we do not observe in other vascular beds. This susceptibility 
to perturbation is one key reason why the ISVs have proven such a useful tool for defining vascular gene function 
in vivo. As such, we may not expect to observe similar defects in other more developmentally robust vascular 
beds, unless in examined in a compromised background, (e.g. upon co-depletion of pro-migratory Vegfr-2 
signalling). 

- What is the effect of induced ISV hyperbranching, e.g. by Notch inhibition, on rab13 mRNA localization?

The Referee suggests an interesting experiment, but one we were unable to complete before the COVID-19-
related closure of research facilities due to technical issues. Firstly, these experiments need to be performed in 
vivo, as such “hyperbraching phenotypes induced by Notch inhibition are not seen in in vitro assays and would 
be lost once zebrafish cells are explanted. But, it is not possible to assess the localisation of rab13 in vivo using 
smFISH as we cannot distinguish endothelial rab13 from transcript expressed in adjacent cells. Hence, these 
studies would require assessment of rab13 3’UTR dynamics using the MS2-MCP system combined with Notch 
perturbation, ideally upon knockdown of the vascular Notch ligand dll4. These MCP-GFPnls experiments require 
embryonic over-expression of exogenous rab13 3’UTR-MS2 hairpin fusion constructs, which make embryos 
exceptionally susceptible to further perturbations and we have not yet been successfully obtaining sufficient 
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numbers of rab13 3’UTR-expressing embryos that we could be subjected to Notch inhibition. However, it is 
important to note that loss of vascular Notch signalling is well established to invoke an increase in tip cell 
numbers (Hellström et al., 2007; Lobov et al., 2007; Siekmann and Lawson, 2007; Suchting et al., 2007). As 
such, we expect more cells to exhibit tip cell-like patterning of rab13 mRNA to the front of the cell, but we would 
not expect any particular shift in the localisation of rab13 mRNA, as these extra cells will behave just like the tip 
cells we have already characterised in Fig. 4A and S6B (Movies S2 and S3). In particular, whilst being a 
potentially interesting confirmation of Notch function during vascular development, the results of this experiment 
would not shift the core message of the manuscript regarding the role played by rab13 mRNA localisation in the 
spatial control of motile cell polarity and tissue formation.  

- Supplementary Video 2: it is hard to distinguish the MCP-GFPnls signal in this line and to look at the distribution
of the signal over the cell. Why is the localization of the rab13 mRNA different than in vitro (in the filopodia rather 
than at the base)? Despite what is mentioned in the text, the cell in Video 2 is not a tip cell. It would be better to 
look at the rab13 mRNA distribution in true tip cell 

The Referee raises several points related to the MS2-MCP in vivo mRNA labelling presented in Fig. 4A. Firstly, to 
aid interpretation of the localisation of the rab13 LE in vivo, we have additional data and movies of both a 
migrating endothelial tip cell (Fig. S6B, Movie S3) and stalk cell (Fig. S6C, Movie S4). Both these movies confirm 
that expression of the rab13 LE drives MCP-GFPnls targeting to distal sites of migrating cells. Moreover, these 
movies highlight how rab13 mRNA can be located both within filopodia (Fig. 4A) and at the base of filopodial 
extensions (Fig. S6B, Movie S3). As such, the localisation of rab13 mRNA is not “different” to cells in vitro, but 
occasionally exhibits a more prominent localisation within filopodia extensions likely due to the greater size of 
these structures in vivo. 

- The region that was excised from the 3’UTR of the zebrafish rab13 transcript is quite big compared to the
minimal localization element determined in HUVEC, this might affect also other regulatory mechanisms. Can the 
same RNA motifs and minimal LE be determined in the zebrafish 3’UTR region allowing more precise deletion? 

We agree with the Referee that comprehensive dissection of the zebrafish 3’UTR would be preferable. However, 
it is important to point out that mutation of the zebrafish rab13 LE did not influence mRNA expression/stability 
(Fig. S7J) and does not perturb protein production, as the observed phenotype does not resemble that seen 
upon Rab13 knockdown using CRISPRi (Fig. III above) or MO tools (Wu et al., 2011). Hence, we are highly 
confident that the observed phenotype is not a consequence of defects in “other regulatory mechanisms”. 
Nevertheless, we agree that it would be ideal to identify and mutate a minimal LE within the zebrafish 3’UTR, but 
this is not possible for a number of reasons. First, as discussed in response to other Referees’ comments, due to 
the large evolutionary distance between the human and zebrafish genomes, there is low sequence conservation 
between the RAB13/rab13 LE sequence, despite high conservation of the function of this 3’UTR region. Hence, 
identification of a homologous zebrafish localisation motif has proven difficult without a substantial zebrafish-
specific repeat of the multi-tissue RNAseq studies, clustering analyses and motif searches performed in human 
cells in Fig 1/S1. Moreover, we were unable to use heterologous studies in human cells to rapidly dissect the 
zebrafish 3’UTR due to this lack of conservation between species. Finally, there are limited options for gRNAs 
specifically targeting sites within the rab13 3’UTR that make the generation of multiple zebrafish mutant lines with 
distinct 3’UTR deletions impossible. But, importantly, we prove that rab13 polarisation (but not expression) is 
elegantly disturbed in our rab13 3’UTR mutant embryos, indicating that this region does indeed encompass the 
functional LE and is a highly appropriate tool for testing the function of rab13 mRNA targeting in vivo. 

- What is the trans-acting partner to mediate targeted localization of Rab13 mRNA and likely also the other
cluster k5 members? 

We apologise for a lack of clarity regarding published work on the mechanisms of RAB13 mRNA transport, as it 
is well established that RAB13 and cluster k5 mRNAs are dependent on the activity of APC, a plus-end 
microtubule associated protein implicated in the localisation of mRNAs to cell protrusions (Mili, Moissoglu and 
Macara, 2008; Wang et al., 2017).  

- It would be interesting to also find out the functional role of the other mRNAs with conserved polarization

We agree with the Referee that the function of other cluster k5 mRNA is of great interest, and in particular, if they 
function in parallel with RAB13 to modulate cell polarity and tissue movement. Indeed, many of these mRNAs 
share known roles in actin remodelling, suggesting complementary functions to RAB13 in the modulation of local 
process formation/retraction. In new data, we have truncated the 3’UTRs of all cluster k5 mRNA to define the key 
motif/s responsible for mRNA targeting (Fig. S2D,E). Hence, we are now poised to conduct such suggested 
functional studies of KIF1C, NET1, RASSF3, TRAK2 mRNA targeting in vitro. However, this work will still require 
a huge effort to generate/phenotype HUVEC CRIPSR mutants, identify orthologous LEs in zebrafish and 
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generate/phenotype zebrafish CRISPR mutants for these genes. As such, there are years of work ahead of us 
before we can describe equivalent roles to other k5 mRNAs in the modulation of motile cell polarity and tissue 
morphogenesis. Hence, we feel this work is beyond the scope of the current submission and itself will constitute 
several independent manuscripts.  

- Is the effect of the LE deletion a real loss of function or rather a gain of function that causes “misguidance”.
What happens when overexpressing the deletion mutant in the background of WT Rab13mRNA? This may help 
to distinguish between the effects. 

The Referee suggests an experimental procedure to test whether disruption of rab13 mRNA targeting results in 
loss or gain of function of Rab13 activity. However, it is important to note that we do not believe this phenotype is 
a consequence of either a loss or gain of function, but arises from a shift in the location of Rab13 activity. Indeed, 
this question was elegantly addressed in a parallel study by Moissoglu et. al. that is also under consideration at 
EMBO Journal. In this work, Moissoglu and colleagues demonstrate that disruption of RAB13 mRNA polarisation 
using morpholino oligonucleotides against the LE results in a shift in location of activated RAB13. Moissoglu et. 
al. show that perturbation of RAB13 mRNA targeting to protrusions blocked the co-translational interaction of 
RAB13 with its GEF (RABIF) at this peripheral site, but not at other locations within the cell. Hence, phenotypes 
observed upon loss of RAB13 mRNA polarisation are not due to a global gain or loss of function, but to a switch 
in the site of RAB13 activity. As such, the observations of Moissoglu et. al. perfectly complements our work by 
providing a solid mechanistic basis for why a change in the location of RAB13 targeting can broadly disrupt 
motile cell polarity and oriented tissue movement - i.e. via displacement of the normal site of RAB13 activity. In 
light of this new data, interpretation of results from the experimental procedure suggested by the Referee would 
be very difficult considering the phenotype is not simply a consequence of Rab13 loss or gain of function. 
Moreover, as the rab13 LE mutant should retain full functionality at non-protrusion intracellular sites, global 
overexpression of this mRNA would likely induce early developmental defects that may preclude analysis of later 
vessel phenotypes. 
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9th Jul 20201st Editorial Decision - The EMBO Journal

Thank you for submit t ing your manuscript ent it led "mRNA compartmentalisat ion spat ially orients 
t issue morphogenesis" [EMBOJ-2020-106003] to The EMBO Journal. I have discussed it and the 
exist ing referees' reports with the editorial team. In addit ion, the study and the point -by-point 
rebut tal let ter have been sent to one referee for evaluat ion. 

This reviewer concurs with us on the general interest of your findings and supports publicat ion of 
the study in The EMBO Journal. In addit ion, (s)he gives you some suggest ions on how to st reamline 
and improve the clarity of the manuscript . 

Given the interest in the study and the posit ive recommendat ion from a trusted expert in the field, 
we are offering to pursue publicat ion of your manuscript , pending text reformat t ing, extension of the 
discussion sect ion, and clarificat ion of some editorial issues. 

REFEREE REPORTS

------------------------------------------------ 

Referee #1: 

I agree that the authors have addressed the reviewers' comments sat isfactorily. In principle the 
work is well suited for EMBO J, especially given the complementary, mechanist ic findings in the Mili 
study. However, I recommend that the authors take advantage of the longer word limit at EMBO J 
to explain the new addit ions, as well as previous experiments and controls, in more detail (several 
important results in the supplement are skimmed over). This will improve the clarity and accessibility 
of the manuscript . For example, controls for off-target effects should be addressed direct ly in the 
text , as should the observat ion of consistent phenotypes in independent clones. There are other 
concerns of the reviewers (which may be shared by readers that have not had t ime to scrut inise 
the Methods or Legends) that the authors may wish to address direct ly in the text . Furthermore, 
the findings of the Mili lab study and how they complement this study should also be discussed in 
the final manuscript . Any key discrepancies between the two studies could also be discussed. 

I would like to see some discussion of the potent ial discrepancy between APC funct ions and Rab13 
LE funct ions (see rebuttal let ter) but I will lead it to the authors to decide what is appropriate. 

There are st ill several grammatical errors and typos, so careful edit ing is required.
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Referee #1 Comments: 

I agree that the authors have addressed the reviewers' comments satisfactorily. In principle the 
work is well suited for EMBO J, especially given the complementary, mechanistic findings in the 
Mili study. However, I recommend that the authors take advantage of the longer word limit at 
EMBO J to explain the new additions, as well as previous experiments and controls, in more detail 
(several important results in the supplement are skimmed over). This will improve the clarity and 
accessibility of the manuscript. For example, controls for off-target effects should be addressed 
directly in the text, as should the observation of consistent phenotypes in independent clones. 
There are other concerns of the reviewers (which may be shared by readers that have not had time 
to scrutinise the Methods or Legends) that the authors may wish to address directly in the text.  

As suggested by the Referee, we have now restructured the Figure panels and Results text to fully 
explain all key control experiments and new data generated during manuscript revision. In 
particular, we have now (1) fully discussed our control RNAseq screens for off-target effects in 
the main Results text, (2) moved data confirming consistent phenotypes in independent clones 
from supplemental data to the main Figure panels, and (3) moved all control data related to 
CRISPR-Cas9 experiments from supplemental data to the main Figure panels.  

Furthermore, the findings of the Mili lab study and how they complement this study should also 
be discussed in the final manuscript. Any key discrepancies between the two studies could also 
be discussed.  

As requested, we have now included a full discussion of the back-to-back work by Mili and 
coworkers in the Discussion text.  

I would like to see some discussion of the potential discrepancy between APC functions and 
Rab13 LE functions (see rebuttal letter) but I will lead it to the authors to decide what is 
appropriate.  

We agree with the Referee that this is a key point, hence, we have added a full discussion of the 
discrepancy between APC and RAB13 LE function to the Discussion text. 

There are still several grammatical errors and typos, so careful editing is required. 

As requested, we have now addressed these grammatical errors.  



7th Aug 20202nd Editorial Decision

Thank you for submit t ing your revised manuscript . I have now checked it and found few minor 
issues that need to be addressed before we can officially accept your study. 

2nd Authors' Response to Reviewers  8th Aug 2020

The Authors' have made all the requested editorial changes

Accepted 14th Aug 2020

I am pleased to inform you that your manuscript has been accepted for publicat ion in The EMBO 
Journal.  



USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org
http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-reporting-the-arrive-guidelines-for-reporting-animal-research/

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov
http://www.consort-statement.org
http://www.consort-statement.org/checklists/view/32-consort/66-title

è
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è
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è
http://www.ncbi.nlm.nih.gov/gap

è
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http://biomodels.net/

http://biomodels.net/miriam/
è http://jjj.biochem.sun.ac.za
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è
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� common tests, such as t-test (please specify whether paired vs. unpaired), simple χ2 tests, Wilcoxon and Mann-Whitney 
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods 
section;

� are tests one-sided or two-sided?
� are there adjustments for multiple comparisons?
� exact statistical test results, e.g., P values = x but not P values < x;
� definition of ‘center values’ as median or average;
� definition of error bars as s.d. or s.e.m. 

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. 
randomization procedure)? If yes, please describe. 

For animal studies, include a statement about randomization even if no randomization was used.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results 
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done

5. For every figure, are statistical tests justified as appropriate?

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Is there an estimate of variation within each group of data?

Is the variance similar between the groups that are being statistically compared?

EMBO PRESS 

A- Figures 

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are 
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s 
authorship guidelines in preparing your manuscript.  

PLEASE NOTE THAT THIS CHECKLIST WILL BE PUBLISHED ALONGSIDE YOUR PAPER

Journal Submitted to: EMBO Journal
Corresponding Author Name: Guilherme Costa and Shane P. Herbert

YOU MUST COMPLETE ALL CELLS WITH A PINK BACKGROUND ê

C- Reagents

B- Statistics and general methods

the assay(s) and method(s) used to carry out the reported observations and measurements 
an explicit mention of the biological and chemical entity(ies) that are being measured.
an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

a statement of how many times the experiment shown was independently replicated in the laboratory.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

 

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself. 
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).  
We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human 
subjects.  

definitions of statistical methods and measures:

a description of the sample collection allowing the reader to understand whether the samples represent technical or 
biological replicates (including how many animals, litters, cultures, etc.).

The data shown in figures should satisfy the following conditions:

Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship 
guidelines on Data Presentation.

Please fill out these boxes ê (Do not worry if you cannot see all your text once you press return)

a specification of the experimental system investigated (eg cell line, species name).

No sample-size calculations were performed.

graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should 
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be 
justified

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

Each figure caption should contain the following information, for each panel where they are relevant:

2. Captions

No statistical method was used to predetermine sample size for experimental groups. For the 
analyses of ISVs, 8 embryos were imaged per experiment to maximise the probability of obtaining 
samples of all genotypes, assuming Mendelian ratios. The number of experiments is indicated in 
the appropriate figure legend. 

Data exclusion was only applied to data obtained using the FIJI plugin Filopodyan for filopodia 
analysis of MS2 transfected cells (Figures 4a-c). Filopodia detected with poor segmentation were 
excluded to avoid incorrect data misrepresentation. In addition, filopodia that were present in the 
first frame or that were still present in the last frame of the movie time window were also 
excluded, as its not possible to assess the lifetime of these structures.

Randomization was not relevant for our studies.

Manuscript Number: 106003

Statistical tests are justified as appropriate for every figure.

The distribution of the data meet the assumptions of the tests and it was assessed using normality 
tests (D'Agostino-Pearson or Shapiro-Wilk tests, depending on the sample size).

The standard deviation is shown in the form of error bars when appropriate to reflect the variation 
of the data. 

The variance between groups being compared is similar. Importantly, in many instances non-
parametric tests were used and these do not assume equal variance between groups.

Randomization was not relevant for our studies.

Microscope image acquisition of CRISPR-edited and siRNA transfected HUVECs/zebrafish cells was 
blinded before phenotypical analysis. The genotypes or siRNAs were allocated to the corresponding 
HUVEC image after data acquisition. Blinding was not applied to the remaining experiments.

Microscope image acquisition of CRISPR-edited zebrafish embryos was blinded. Embryos were 
genotyped after imaging and before phenotypical analysis.

1. Data

the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the 
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically 
meaningful way.



6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog 
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g., 
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

6. Continued

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for 
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing 
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the 
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), e1000412, 2010) to ensure 
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting 
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations.  Please confirm 
compliance.

11. Identify the committee(s) approving the study protocol.

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments 
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human 
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained.

14. Report any restrictions on the availability (and/or on the use) of human data or samples.

15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable.

16. For phase II and III randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) 
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting 
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at 
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data 
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462, 
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for: 
a. Protein, DNA and RNA sequences 
b. Macromolecular structures 
c. Crystallographic data for small molecules 
d. Functional genomics data 
e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the 
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets 
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured 
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).
20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting 
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the 
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).
21. Computational models that are central and integral to a study should be shared without restrictions and provided in a 
machine-readable form.  The relevant accession numbers or links should be provided. When possible, standardized format 
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM 
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top 
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited 
in a public repository or included in supplementary information.

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top 
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines, 
provide a statement only if it could.

Kelleher, A.R. et al. (2013). Tested for use in Puro-PLA by tom Dieck, S. et al. (2015).
rabbit β-Tubulin - Cell Signaling Technology: Antibody Performance Guarantee for use against 
human β-Tubulin and does not cross-react with other related proteins.
mouse ZO-1 - ThermoFisher Scientific: successfully used in Immunofluorescence analysis of ZO-1 
(Figure 45/47 on the manufacturer’s website).

D- Animal Models

E- Human Subjects

bEnd.3 cells were originally generated from mouse endotheliomas (Montesano, R. et al. 1990; 
Williams, R.L. et al. 1989) and were kindly provided by Professor Georges Lacaud, Cancer Research 
UK Manchester Institute. bEnd.3 cells were not authenticated. bEnd.3 cells tested negative for 
mycoplasma contamination (PCR-based method).

Antibodies used:
mouse PECAM-1, Cell Signaling Technology, catalogue # 3528, clone 89C2, lot 7
rabbit RAB13, Millipore, catalogue # 07-794, lots 3052521 and 2817235
rabbit RAB13, Cambridge Bioscience, catalogue # HPA003996, lot A116360 
mouse Puromycin, Kerafast, catalogue # EQ0001, clone 3RH11, lot 41918
rabbit β-Tubulin, Cell Signaling Technology, catalogue # 2128, clone 9F3, lot 7
mouse ZO-1, ThermoFisher Scientific, catalogue # 33-9100, clone 1A12 
goat anti-mouse Alexa Fluor 488, ThermoFisher Scientific, catalogue # A-11001, lot 1810918 
goat anti-mouse Alexa Fluor 568, ThermoFisher Scientific, catalogue # A-11004, lot 1793903 
goat anti-rabbit Alexa Fluor 488, ThermoFisher Scientific, catalogue # A-11008, lot 1829924 
goat anti-mouse HRP-linked, Cell Signaling Technology, catalogue # 7076, lot 33 
goat anti-rabbit HRP-linked, Cell Signaling Technology, catalogue # 7074, lot 26

Validation:
mouse PECAM-1 - Cell Signaling Technology: Antibody Performance Guarantee for use against 
human PECAM-1 and does not cross-react with other related proteins.
rabbit RAB13 – Millipore: validated for use in IF. Tested for IF use by Wu, C. et al. (2011).
rabbit RAB13 - Cambridge Bioscience: tested for use in WB in our report (Figure 3G).
mouse Puromycin -  Kerafast: tested for use in detection of Puromycin incorporation by 

Species: zebrafish
Strains: AB; Tg(kdrl:EGFP)s843 
Gender: females / males
Age: 0 – 18 months old
Genetic modification: CRISPR/Cas9 482-nucleotide deletion in the rab13 3’UTR of the 
Tg(kdrl:EGFP)s843 strain; animals are maintained as heterozygous.
Animals were housed in a circulating system with the appropriate conditions to ensure water 
quality required for a healthy aquatic environment. The room and tank temperature was 
maintained at 28 °C. Animals were maintained in 14:10 hr (light : dark) cycling light conditions. 
 

Animals were maintained according to UK Home Office regulation guidelines and experiments 
were performed within the Animal (Scientific Procedures) Act 1986. All studies were approved by 
the University of Manchester Ethical Review Board. 

Where relevant, we confirm compliance with ARRIVE guidelines.

G- Dual use research of concern

F- Data Accessibility

NA

NA

NA

NA

NA

NA

NA

NA

Accession codes have been provided.

RNA-seq datasets have been deposited in Gene Expression Omnibus repository.

NA

NA
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