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Original submission 

 
First decision letter 

 
MS ID#: JOCES/2019/239152 
 

MS TITLE: 1 integrin-mediated signaling regulates MT1-MMP phosphorylation to promote tumour 
cell invasion 
 
AUTHORS: Olivia R Grafinger, Genya Gorshtein, Tyler Stirling, Megan I Brasher, and Marc G 
Coppolino 
ARTICLE TYPE: Research Article 
 
We have now reached a decision on the above manuscript. 
 
To see the reviewers' reports and a copy of this decision letter, please go to: https://submit-
jcs.biologists.org and click on the 'Manuscripts with Decisions' queue in the Author Area. 
(Corresponding author only has access to reviews.) 
 
As you will see, the reviewers feel that the manuscript could be a substantial contribution to the 
field, but raise a number of substantial criticisms that prevent me from accepting the paper at this 
stage. Further delineation of the mechanism by which EGFR and JAK kinases contribute to MT1-MMP 
phosphorylation and degradation need to be performed, as do appropriate quantitations. They 
suggest, however, that a revised version might prove acceptable, if you can address their concerns. 
If you think that you can deal satisfactorily with the criticisms on revision, I would be pleased to 
see a revised manuscript. We would then return it to the reviewers. 
 
Please ensure that you clearly highlight all changes made in the revised manuscript. Please avoid 
using 'Tracked changes' in Word files as these are lost in PDF conversion. 
 
I should be grateful if you would also provide a point-by-point response detailing how you have 
dealt with the points raised by the reviewers in the 'Response to Reviewers' box. Please attend to 
all of the reviewers’ comments. If you do not agree with any of their criticisms or suggestions 
please explain clearly why this is so. 
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Reviewer 1 
 
Advance summary and potential significance to field 
 
The authors analyzed the role of beta 1 integrin in MT1-MMP internalization.  
They suggest that activation of b1 integrin induces phosphorylation and endocytosis of MT1-MMP 
and results in increased cellular invasiveness and invadopodium formation in vitro. They also 
observed phosphorylation of Src and epidermal growth factor receptor, and an increase in their 
association, in response to b1 integrin activation, and determined that Src and EGFR promote 
phosphorylation of MT1-MMP on Thr567. 
It is overall nice study important for the fields of protease-dependent invasiveness and invadopodia 
formation/activity. However, major revision is required to fully support statements presented in 
the manuscript. 
 
Comments for the author 
 
Suggestions for a major revision of the manuscript 
 
Major points: 
 
1) Invadopodia formation assay (Fig 2 A, C; Fig 8 A, B; Fig S3 A) authors statement: “treatment with 
b1-integrin-activating antibody increased the number of cells forming invadopodia by 97.4 ± 16.0% 
relative to the control (Fig. 2A,C).” I´m not questioning the results, but the data quantification and 
presentation is somewhat strange. According to methods (“Invadopodia were counted as spots of 
gelatin degradation overlayed by F-actin punctae as visualized by epifluorescent microscopy.”) 
authors were counting invadopodia per cell. It would be better to show “number of invadopodia per 
cell” as a box and whisker plot instead of percentage of control, because percentage of control or 
fold over control approach tells nothing about the data distribution moreover it tells completely 
nothing about the control data. 
2) invadopodia precursors (Analysis of subcellular distributions of cortactin and TKS5 by 
immunofluorescent microscopy revealed that activation of b1 integrin markedly increased the 
number of invadopodia precursors in cells (Fig. 2D, Fig. S2A)) 
Again, I´m not questioning the results, but the way how it is presented. First I have the same 
comment as for the previous point. The authors have the data for the number of spots per cells 
thus it would be much more informative to show them as a box and whisker plot. Second, I was 
somehow confused with the difference of fluorescent signal between P4G11 images and controls 
(Fig S2). Cortactin, vinculin and Tks5 stained with antibodies are known for having high 
cytoplasmatic background though they mark invadopodia with bright dot signal that is easy to 
distinguish over the background. All control images have a weak dotted pattern, much weaker then 
P4G11 images. I might be wrong, but the presented data leads to an idea that P4G11 treatment 
leads to higher expression of invadopodia markers in general (what can be easily disproved by 
western blot). I suggest to present better control images or the authors should discuss this 
discrepancy in overall cell signal of the invadopodia markers.  
As a minor point here, I would suggest showing detailed inset (details in boxes) of higher 
magnification in most of presented images in Fig S2, at least as it shown in Fig S6. Insets shown are 
basically duplicates and shows no additional information.  
3) Local Gelatin Degradation Assay (Fig 2 A, B, E; Fig 8 C; Fig S1; Fig S3 B) First, red-channel images 
are over saturated, usually such adjustment is not necessary. Second, again, data presentation is 
not optimal: “Degradation areas were counted and scored as the percentage of area degraded per 
cell (1.0 for full degradation, 0.5 for partial degradation, and 0.0 for no degradation).” As a full 
degradation one would suggest a case when the whole gelatine layer beneath the cell was 
degraded. That happens in case of some highly invasive cancer cell lines. Degradation shown in 
images Fig 2B, Fig 8A or Fig S1 do not definitely present fully degraded areas and should be scored 
as partial. Setting 100% for controls, where basically no degradation happens, is strange.  
Nevertheless, a scoring approach is very unfortunate in this case. It´s well established to present 
the results from this assay as percentage of degraded area relative to cell area, again for example 
as a box and whisker plot. Scoring tells nothing about the control data distribution.  
4) Activation of b1 Integrin Increases Cell Surface Expression of b1 Integrin and MT1-MMP and MMP 
Secretion + MT1-MMP is Phosphorylated and Internalized in a b1 Integrin-Dependent Manner The 
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authors present very interesting data though the data could be interpreted in different way. P4G11 
treatment leads to higher surface expression of MT1-MMP.  
Authors show in other parts of the manuscript that it is due to phosphorylation on C-term. 
Nevertheless, it was shown previously by several groups, that MT1-MMP associates with integrins 
(Deryugina 2001, Galvez 2002 and others), moreover that the level of expression of Itgb1 influences 
the level of expression of MT1-MMP and vice versa (Mori 2013). Thus, the results presented in Fig 
3A, B could be interpreted that stabilization of surface-active integrin leads to stabilization of MT1-
MMP on the membrane via the integrin-MT1-MMP association.  
Since not all integrin and MT1-MMP molecules associate, the difference in internalization shown in 
Fig 4D does not disprove the alternative hypothesis I suggested here.  
Authors should discuss or experimentally verify/disprove this interpretation.  
Moreover, when the last author of this manuscript already published association between MT1-MMP 

and 5 integrin, a partner of 1 (Williams 2011). Of note is that the importance of Thr567 
phosphorylation on MT1-MMP recycling was already shown in the mentioned paper. 
 
5) Gelatin zymography 
I would suggest repeating this experiment. Gelatin zymography in general shows several bands 
where pro-MMP9 and pro-MMP2 are the strong ones and the active forms are usually the weak ones. 
Some treatment then leads to stronger or weaker active bands. Presented data suggest massive 
overexpression of total proteins in treated cells, that is unlikely.  
 
6) Signaling 
Fig 4A shows Tyr and Thr phosphorylation, Fig 7 shows only Thr phosphorylation. Should be present 
or explained, why Tyr is no more important. 
Fig 5C and S6 The images are somehow not convincing. Integrin staining is weak in all cases. There 
are other integrin beta1 antibodies that might give better IF pattern, for example K20 (non-
activating). Also, using the same antibody for treatment and subsequent staining can result to 
epitope occupation and weaker signal in treated cells (or preferential staining of molecules that 
were not exposed before – vesicles inside cells, as can be seen in 5C). Pattern of EGFR and Src is 
very weak and for me it´s hard to make any statement from these images. 
 
7) MT1-MMP is Phosphorylated on Thr567 Downstream of b1 Integrin Activation The authors show 
that Thr567 is important for invadopodia formation and gelatin degradation of MT1-MMP while 
Tyr573 is not (Fig 8) and that expression of a nonphosphorylable Thr567 MT1-MMP mutant (T567A) 
results in its accumulation at the cell surface, while a Y573A mutant has similar surface expression 
to wild type (Fig S8). Tyr573 is tyrosine of LLY motif, which is a binding site for the µ2 subunit of 
AP-2, a component of clathrin-coated vesicles (Uekita 2001). Mutating this Tyr for Ala leads to 
reduced internalization of MT1-MMP (Uekita 2001). Thus the data presented here are in 
contradiction to what is already known about MT1-MMP internalization. The authors should discuss 
this in details however they do not mentioning it at all in the discussion.  
 
Minor points 
1) MT1-MMP is Phosphorylated and Internalized in a b1 Integrin-Dependent Manner “During the 
process of cell invasion, invadopodia are disassembled and reformed at the leading edge of a 
migrating cell (Murphy and Courtneidge, 2011).” All invadopodia shown by the authors are around 
nuclear area, not at the leading edge. Minor text revision or different citation should fix this 
discrepancy. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
The study examines the role of b1 integrin on invasion process through MT1-MMP internalization. 
The authors report that antibody-mediated activation of b1 integrin results in Src and EGFR 
activation, in MT1-MMP phosphorylation and in higher levels of MT1-MMP at the cell surface. 
Pharmacological approaches suggest the involvment of Src and EGFR in the phosphorylation of MT1-
MMP cytoplasmic domain (Thr 567). Finally, phosphorylation of MT1-MMP results in increased 
internalization from the cell surface and subsequent recycling to sites of new invadopodia 
formation. The manuscript is not suitable for publication. 
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Comments for the author 
 
Many correlations are reported in this study without designing the experiments able to proove the 
statement. The mechanistic insight is light. 
 
If the novelty is to show that activation of integrin receptors plays an essential role in the 
phosphorylation and subsequent internalization of MT1-MMP, many MT1-MMP internalization assays 
are missing (internalization assay in cells expressing b1 integrin mutants, Src mutants, EGFR 
mutants…).  
 
The using of activating b1 integrin antibody is a good proof of concept. However the experiments 
need to be supported by using integrin ligands (Collagen versus Vitronectin ?) and EGF ligand to 
claim the b1 integrin specificity and the involvment of EGFR. The authors need to cmopare by 
activating different types of integrins as control. Moreover some mutants of b1 integrin 
recapitulating or not b1 integrin activation should be used to support the role of b1 integrin 
activation in MT1-MMP phosphorylation and MT1-MMP internalization. The authors should show the 
ability of b1 integrin and MT1_MMP to colocalize or not in the same vesicles in conditions where 
MT1-MMP is mutated at the different phosphorylation sites and by using activated form of b1 
integrin (D759A). The authors have to take into account that b1 activity and signaling have been 
already shown to control invadosome formation and ECM degradation activity (see Destaing et al, 
MBOC 2011). The authors should also comment the ability of MT1-MMP to activate b1 integrin. 
Indeed It has been shown that P-FAK is reduced upon MT1-MMP KO. (see Tang et al, Dev Cell 2013 
from Weiss lab) 
 
The authors do not mention the ability of MT1-MMP to be also phosphotylated by LIMK which is 
required for ECM degradation. Indeed It has been shown that MT1-MMP and LIMK1 interact in cells 
through the cytoplasmic part of MT1- MMP and that LIMK1 phosphorylates in vitro MT1-MMP at 
tyrosine 573 (Lagoutte et al, Sci Rep. 2016). How to concile both phosphorylation ?  
 
As P-FAK is downstream to b1 integrin activation, what is the effect of FAK inhibitor on MT1-MMP 
phosphorylation and MT1-MMP internalization ?  
The pharmacological approach should be also supported by SiRNA approach (Si EGFR, Si Src, Si 
FAK). 
 
In the present study, Boyden chamber assay and invasion assay are set up with fibronectin coating 
whereas invadopodia formation is observed in conditions where plates are coated either with poly-
L-lysine/PBS, followed by 0.5% glutaraldehyde/PBS or with 0.2% unlabeled gelatin/PBS. What is the 
rationale to change the type of coating ? It would be better to be more strict on the type of 
coating. 
 
 
Reviewer 3 
 
Advance summary and potential significance to field 
 
Grafinger et al Review 

In this Manuscript, Grafinger et al present that activation of 1-integrin promotes phosphorylation 
and trafficking of MT1-MMP to sites of invadopodia to regulate cell invasion.  

Further they provide evidence to support 1-integrin-mediated activation of Src and EGFR two 
known regulators of invadopodia biogenesis, play a role in MT1-MMP trafficking to invadopodia. This 
work builds upon previous work that showed Threonine (T567) phosphorylation at the cytoplasmic 
tail of MT1-MMP regulates its internalization. The key finding of this manuscript is internalization 

and recycling of MT1-MMP to sites of invadopodia in response to 1-integrin activation. Yet, there is 
very little to no imaging data to capture and characterize this dynamic process in time. In my view, 
while data presented are of good quality and biochemically thorough, major weakness of this 
manuscript is the lack of imaging data to complement biochemical data to support MT1-MMP 
trafficking to sites of invadopodia  
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(i.e. Time-lapse video imaging). Another shortcoming of this manuscript is its overreliance on 

antibody-mediated activation of 1-integrin. At least some experiments should be repeated with 

the natural ligand of 1-integrin to validate major conclusions.  
Despite these concerns, this is an interesting work and will significantly contribute to the 
mechanistic understanding of invadopodia biogenesis and cell invasion. Hence, I recommend 
publication of this manuscript with successful revisions of the following concerns: 
 
Comments for the author 
 
Major Points: 

1) Figure 1A&B: Authors use Fak phosphorylation as readout for 1-integrin activation. While 

inhibition of 1-integrin by AIIB2 antibody has no significant change in Fak Phosphorylation, it 
decreases Matrigel cell invasion by two fold. How do they explain the discordance? 
2) Figure 1C: Authors have controlled for the difference in cell migration between different 
experimental conditions, however, they have not controlled for difference cell proliferation - 20 
hrs is sufficient time to see differences in cell proliferation. 
3) Figure 2D: Vinculin & F-actin co-localization is used to quantify invadopodia precursors. 

Given Vinculin & F-actin co-localize in other cellular structures downstream from activated 1-
integrin (i.e. Focal adhesions), Tks 5/cortactin or 1-integrin (i.e. Focal adhesions), Tks 5/cortactin 
or Tks5/F-actin would be better choices as markers of invadopodia. 

4) Figure 3: Confocal images of 1-integrin and MT1-MMP are needed to complement the 

biochemical data and show an increase in surface level of 1-integrin and MT1-MMP in response to 

1-integrin activation. 
5) Figure 4: Similar to figure 3, confocal images are needed to complement the biochemical 
data. 
6) Figure 5: I am not entirely convinced that EGFR is in a complex with Src/Integrin (Figure 
5A). Is it possible to do the reverse IP? (IP EGFR and blot for Src/Integrin or IP Integrin and blot 
Src/EGFR). 

7) Figure 5: Do Src colocalize to the EGFR and 1-integrin rich punctae? And these punctae 
endosomes or invadopodia? Some immunofluorescence with endosome cor invadopodia marker 
should address these questions. 

8) Figure 6: EGFR tyrosine phosphorylation in response to 1-integrin activation appears to 
be partly due to Src but perhaps another kinase is involved (Figure 6E). Can you confirm this with 
another Src Inhibitor SU6656 or SiRNA-Src? If that is indeed the case, it might be a good idea to 
discuss other potential candidates (i.e. Met and Fak – other kinases known to be involved in 
invadopodia biogenesis). 

9) Figure 7: Similar to 1-integrin mediated phosphorylation/activation of EGFR, Does Ligand-
EGF- stimulation result in MT1-MMP phosphorylation? 
10) Figure 8A: Need staining of F-actin and another marker of invadopodia (Tks5/cortactin) to 
properly identify invadopodia and quantify them under different conditions. 
 
Minor Points: 
1) I strongly recommend you to display the timeframes of confocal images on the figure itself, 
instead of figure legend. It is much more visual and facilitates comparison of different images. 
2) In Figure 7A, Western blot and corresponding graph quantifies MT1-MMP phosphorylation 
are not in the same order. 
3) Williams et al, 2014 manuscript (SNAP23, VAMP7 and Syntaxin4…) is not properly 
referenced. 
 
 

 
 
First revision 
 
Author response to reviewers' comments 
 
Dear Dr. Billadeau, 
 

We have completed the revision of our manuscript (#239152), entitled 1 integrin-mediated 
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signaling regulates MT1-MMP phosphorylation to promote tumour cell invasion. We are 
appreciative of the reviewers’ detailed assessment, and have systematically addressed all comments, 
as outlined below. We have done a substantial amount of work, including additional experiments, 
and added new data and figures to the manuscript. We feel the manuscript has been markedly 
improved through this process, and we hope you now find it suitable for publication in the Journal 
of Cell Science. 
 
Thank you for your time and consideration. 
 
Marc Coppolino 
 
Review comments are listed, followed by our responses (bulleted). 
 
Reviewer 1 
Major points: 
 
1) Invadopodia formation assay (Fig 2 A, C; Fig 8 A, B; Fig S3 A) authors statement: “treatment with 
b1-integrin-activating antibody increased the number of cells forming invadopodia by 97.4 ± 16.0% 
relative to the control (Fig. 2A, C).” I´m not questioning the results, but the data quantification 
and presentation is somewhat strange. According to methods (“Invadopodia were counted as spots 
of gelatin degradation overlayed by F-actin punctae as visualized by epifluorescent microscopy.”) 
authors were counting invadopodia per cell. It would be better to show “number of invadopodia per 
cell” as a box and whisker plot instead of percentage of control, because percentage of control or 
fold over control approach tells nothing about the data distribution moreover it tells completely 
nothing about the control data. 
 

• The data we present is the percentage of cells forming invadopodia. We have not reported 
number of invadopodia per cell.  This is now clear in the manuscript (pg. 3, line 135-136) 

 
2) invadopodia precursors (Analysis of subcellular distributions of cortactin and TKS5 by 
immunofluorescent microscopy revealed that activation of b1 integrin markedly increased the 
number of invadopodia precursors in cells (Fig. 2D, Fig. S2A)) Again, I´m not questioning the 
results, but the way how it is presented. First, I have the same comment as for the previous point. 
The authors have the data for the number of spots per cells thus it would be much more 
informative to show them as a box and whisker plot. 
 

 This has been changed to a box and whisker plot (Fig. 2D). Second, I was somehow 
confused with the difference of fluorescent signal between P4G11 images and controls (Fig 
S2). Cortactin, vinculin and Tks5 stained with antibodies are known for having high 
cytoplasmatic background though they mark invadopodia with bright dot signal that is easy 
to distinguish over the background. All control images have a weak dotted pattern, much 
weaker then P4G11 images. I might be wrong, but the presented data leads to an idea that 
P4G11 treatment leads to higher expression of invadopodia markers in general (what can be 
easily disproved by western blot). I suggest to present better control images or the authors 
should discuss this discrepancy in overall cell signal of the invadopodia markers. 

 

 Better control images have been added to Fig. S2, with similar expression levels of the 
invadopodium markers. 

 A statement has been added in the results section indicating that we found no significant 
difference in the expression levels of the invadopodial proteins Tks5 and F-actin by Western 
Blot (pg. 5, line 148-150). 

 
As a minor point here, I would suggest showing detailed inset (details in boxes) of higher magnification 
in most of presented images in Fig S2, at least as it shown in Fig S6. Insets shown are basically 
duplicates and shows no additional information. 
 

 Higher magnification insets have been added to Fig. S2. 
 
3) Local Gelatin Degradation Assay (Fig 2 A, B, E; Fig 8 C; Fig S1; Fig S3 B) First, red-channel images 
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are over saturated, usually such adjustment is not necessary. 
 

• All red channel images have been replaced to ones which are less saturated. 
 
Second, again, data presentation is not optimal: “Degradation areas were counted and scored as the 
percentage of area degraded per cell (1.0 for full degradation, 0.5 for partial degradation, and 0.0 
for no degradation).” As a full degradation one would suggest a case when the whole gelatine layer 
beneath the cell was degraded. That happens in case of some highly invasive cancer cell lines. 
Degradation shown in images Fig 2B, Fig 8A or Fig S1 do not definitely present fully degraded areas 
and should be scored as partial. Setting 100% for controls, where basically no degradation happens, 
is strange. 
Nevertheless, a scoring approach is very unfortunate in this case. It´s well established to present the 
results from this assay as percentage of degraded area relative to cell area, again for example as a 
box and whisker plot. Scoring tells nothing about the control data distribution. 
 

• This is a helpful comment.  Data for local gelatin degradation has been rescored as per 
the reviewer’s suggestion, using ‘percent degraded area per total cell area’. Data has been 
presented as a box and whisker plot (Fig. 2E). 

 
4) Activation of b1 Integrin Increases Cell Surface Expression of b1 Integrin and MT1-MMP and MMP 
Secretion + MT1-MMP is Phosphorylated and Internalized in a b1 Integrin-Dependent Manner 
The authors present very interesting data though the data could be interpreted in different way. 
P4G11 treatment leads to higher surface expression of MT1-MMP. 
Authors show in other parts of the manuscript that it is due to phosphorylation on C-term. 
Nevertheless, it was shown previously by several groups, that MT1-MMP associates with integrins 
(Deryugina 2001, Galvez 2002 and others), moreover that the level of expression of Itgb1 influences 
the level of expression of MT1- MMP and vice versa (Mori 2013). Thus, the results presented in Fig 3A, 
B could be interpreted that stabilization of surface-active integrin leads to stabilization of MT1-MMP 
on the membrane via the integrin-MT1-MMP association. Since not all integrin and MT1-MMP molecules 
associate, the difference in internalization shown in Fig 4D does not disprove the alternative 
hypothesis I suggested here. 
Authors should discuss or experimentally verify/disprove this interpretation. Moreover, when the last 
author of this manuscript already published association between MT1-MMP and α5 integrin, a partner 
of β1 (Williams 2011). Of note is that the importance of Thr567 phosphorylation on MT1-MMP recycling 
was already shown in the mentioned paper. 
 

• We thank the reviewer for this insightful comment. We have added a statement in 
paragraph 3 of the discussion which acknowledges that the increase in B1 and MT1- MMP at 
the cell surface following P4G11 treatment could be a direct result of association and 
subsequent molecular stabilization of the two proteins at the cell surface (pg. 11, line 330-
333). 
• Citations of Deryugina, 2001, and Galvez, 2002, have also been added. 

 
5) Gelatin zymography 
I would suggest repeating this experiment. Gelatin zymography in general shows several bands where 
pro-MMP9 and pro-MMP2 are the strong ones and the active forms are usually the weak ones. Some 
treatment then leads to stronger or weaker active bands. Presented data suggest massive 
overexpression of total proteins in treated cells, that is unlikely. 
 

 The pattern of MMP2 and MMP9 detected in medium conditioned by MDA-MB231 cells, seen 
in Fig. 3, is consistently observed with these cells. We are detecting only secreted MMPs, and 
this is minimal in unstimulated cells (serum-starved). We have checked, and confirm that 
treatment does not lead to increase in cellular levels of MMP2 or MMP9 protein. Our 
zymographic results are also consistent with those published by other groups analyzing MMP 
secretion - e.g. Ganguly 2012, Adv in Biol Chem 2 (1); Mon 2006, Cancer Res 66 (13) 

 
 
6) Signaling 
Fig 4A shows Tyr and Thr phosphorylation, Fig 7 shows only, Thr phosphorylation. Should be present 
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or explained, why Tyr is no more important. 
 

• In the Discussion, paragraph 4 (pg. 12, line 340-342), we explain why we focused on 
threonine phosphorylation. Experiments with non-phosphorylable MT1-MMP mutant constructs 
suggested a higher effect of B1 integrin signaling on threonine phosphorylation. Additionally, 
previous findings in our lab demonstrated that T567 phosphorylation is a key regulator of MT1-
MMP endocytic recycling. 

 
Fig 5C and S6 The images are somehow not convincing. Integrin staining is weak in all cases. There 
are other integrin beta1 antibodies that might give better IF pattern, for example K20 (non-
activating). Also, using the same antibody for treatment and subsequent staining can result to epitope 
occupation and weaker signal in treated cells (or preferential staining of molecules that were not 
exposed before – vesicles inside cells, as can be seen in 5C). Pattern of EGFR and Src is very weak 
and for me it´s hard to make any statement from these images. 
 

• Figure 5C has been removed and replaced with one showing colocalization of B1 integrin, 
and either EGFR or Src, with the invadopodium marker cortactin. B1 integrin, EGFR, and Src 
staining can be visualized better, and in P4G11 treatment conditions we can observe 
colocalization of these proteins at sites of invadopodia. 
• To clarify, we are not staining with the same antibody as the treatment - treatment is 
with P4G11, staining is with P4C10.  This is clarified in the legend for Figure 5. 

 
7) MT1-MMP is Phosphorylated on Thr567 Downstream of b1 Integrin Activation The authors show 
that Thr567 is important for invadopodia formation and gelatin degradation of MT1-MMP while 
Tyr573 is not (Fig 8) and that expression of a nonphosphorylable Thr567 MT1-MMP mutant (T567A) 
results in its accumulation at the cell surface, while a Y573A mutant has similar surface expression 
to wild type (Fig S8). Tyr573 is tyrosine of LLY motif, which is a binding site for the μ2 subunit of 
AP-2, a component of clathrin-coated vesicles (Uekita 2001). Mutating this Tyr for Ala leads to 
reduced internalization of MT1-MMP (Uekita 2001). Thus the data presented here are in 
contradiction to what is already known about MT1-MMP internalization. The authors should discuss 
this in details, however they do not mentioning it at all in the discussion. 
 

• We thank the reviewer for this insightful comment, and have addressed this in the 
manuscript. In the discussion, paragraph 4 (pg. 12, line 342-344), we discuss the role that 
Tyr573 phosphorylation has in MT1-MMP internalization and tumour cell migration. 
We hypothesize that this may occur downstream of an alternative/parallel signaling pathway to 
the one investigated here. 

 
• Reference to Uekita, 2001, has been inserted. 

 
• Future studies investigating the type of endocytosis that MT1-MMP undergoes when Thr567 
is phosphorylated are planned, and this is mentioned in the Discussion (pg. 12 line 349-352). 

 
 
Minor points 
1) MT1-MMP is Phosphorylated and Internalized in a b1 Integrin-Dependent Manner “During the 
process of cell invasion, invadopodia are disassembled and reformed at the leading edge of a 
migrating cell (Murphy and Courtneidge, 2011).” All invadopodia shown by the authors are around 
nuclear area, not at the leading edge. Minor text revision or different citation should fix this 
discrepancy. 
 

• We have revised the manuscript to address this, and to be consistent with the citation. 
The statement (pg. 6, line 171-173) now reads “During the process of cell invasion, 
invadopodia are disassembled and reformed at the leading edge of the cell, and in cells plated 
on a 2D substrate this is typically observed at the ventral surface, often under the nucleus 
(Murphy and Courtneidge, 2011).” 

 
 
Reviewer 2 Advance Summary and Potential Significance to Field: 
The study examines the role of b1 integrin on invasion process through MT1-MMP internalization. The 
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authors report that antibody-mediated activation of b1 integrin results in Src and EGFR activation, in 
MT1-MMP phosphorylation and in higher levels of MT1-MMP at the cell surface. Pharmacological 
approaches suggest the involvment of Src and EGFR in the phosphorylation of MT1-MMP cytoplasmic 
domain (Thr 567). Finally, phosphorylation of MT1- MMP results in increased internalization from the 
cell surface and subsequent recycling to sites of new invadopodia formation. 
The manuscript is not suitable for publication. 
 
Reviewer 2 Comments for the Author: 
Many correlations are reported in this study without designing the experiments able to proove the 
statement. The mechanistic insight is light. 
 
If the novelty is to show that activation of integrin receptors plays an essential role in the 
phosphorylation and subsequent internalization of MT1-MMP, many MT1-MMP internalization assays 
are missing (internalization assay in cells expressing b1 integrin mutants, Src mutants, EGFR 
mutants…). 
 
The using of activating b1 integrin antibody is a good proof of concept. However the experiments 
need to be supported by using integrin ligands (Collagen versus Vitronectin ?) and EGF ligand to claim 
the b1 integrin specificity and the involvment of EGFR. 
 

• To study 1 integrin-mediated signalling during invadopodia formation, we have 
conducted experiments under conditions that are widely recognized as optimal for study of 
invadopodia (plating cells on gelatin). We have also examined MT1-MMP phosphorylation in 
cells plated on collagen or fibronectin, and now include this in Supplementary Fig. 4 (pg 6, 
line 181-183). We observed identical responses to antibody stimulation as in experiments 
presented in Fig. 4A of the manuscript. The system we have set up is specifically designed to 

interrogate the role of 1 integrin signalling, independently of other ECM receptors, in a 
controlled cellular context. Our observations suggest that in these serum-starved cells 
antibody treatment is an effective way to induce a robust, tractable signalling response that is 

specific for 1 integrin. 
 

• We confirmed that MT1-MMP is phosphorylated in response to treatment with EGF, and 
this is shown in Fig. 7E (pg. 9, line 246-247). 

 
The authors need to cmopare by activating different types of integrins as control. Moreover some 
mutants of b1 integrin recapitulating or not b1 integrin activation should be used to support the role 
of b1 integrin activation in MT1-MMP phosphorylation and MT1-MMP internalization. The authors 
should show the ability of b1 integrin and MT1_MMP to colocalize or not in the same vesicles in 
conditions where MT1-MMP is mutated at the different phosphorylation sites and by using activated 
form of b1 integrin (D759A). 
 

• We appreciate this insightful comment, and plan to conduct such experiments. We suggest 
they are beyond the scope of this study, however, and address their importance as part of 
future work (Discussion, page 11, line 322-324). 

 
The authors have to take into account that b1 activity and signaling have been already shown to 
control invadosome formation and ECM degradation activity (see Destaing et al, MBOC 2011). 
 

• This has now been addressed (Introduction, page 3, line 91-93), and reference to 
Destaing, 2011, has been inserted. 

 
The authors should also comment the ability of MT1-MMP to activate b1 integrin. Indeed It has been 
shown that P-FAK is reduced upon MT1-MMP KO. (see Tang et al, Dev Cell 2013 from Weiss lab) 
 

• This is now addressed (Introduction, page 3, line 69-71).  Tang, 2013, has been cited. 
 
The authors do not mention the ability of MT1-MMP to be also phosphotylated by LIMK which is 
required for ECM degradation. Indeed It has been shown that MT1-MMP and LIMK1 interact in cells 
through the cytoplasmic part of MT1- MMP and that LIMK1 phosphorylates in vitro MT1-MMP at tyrosine 
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573 (Lagoutte et al, Sci Rep. 2016). How to concile both phosphorylation? 
 

• We thank the reviewer for this helpful comment. We have added discussion of the role of 
LIMK1 in the phosphorylation of MT1-MMP on Tyr573 (Discussion, page 12, line 344-346). We 
suggest that this signaling pathway may occur parallel to that of B1 integrin signaling observed 
in our study. 

 
As P-FAK is downstream to b1 integrin activation, what is the effect of FAK inhibitor on MT1- MMP 
phosphorylation and MT1-MMP internalization? 
The pharmacological approach should be also supported by SiRNA approach (Si EGFR, Si Src, Si FAK). 
 

• We have documented the effect of FAK knockdown on MT1-MMP phosphorylation, and this 
is now shown in Supplemental Fig. 7F (page 9, line 254-256). 

 
• The effects of Src knock down (using Src siRNA) on MT1-MMP phosphorylation have been 
examined and are presented in Supplemental Fig. 7 (page 9, line 250-254). 

 
In the present study, Boyden chamber assay and invasion assay are set up with fibronectin coating 
whereas invadopodia formation is observed in conditions where plates are coated either with poly-L-
lysine/PBS, followed by 0.5% glutaraldehyde/PBS or with 0.2% unlabeled gelatin/PBS. What is the 
rationale to change the type of coating ? It would be better to be more strict on the type of coating. 
 

• We would like to clarify the rationale for using fluorescently labeled gelatin in the 
invadopodium formation assays compared to using fibronectin and Matrigel for the Boyden 
Chamber assays. The use of gelatin for our invadopodium formation assays is based upon the 
protocol outlined by Artym et al. (Methods in Molecular Biology, 2009) - briefly, the use of 
gelatin allows for a thinner coating, allowing for more sensitive and rapid detection of 
proteolytic activity compared to the historical method of fibronectin coating (pg. 213). The 
use of fibronectin and Matrigel in the Boyden chamber assays are quite different than this. 
Fibronectin, coated on the underside of the membrane, serves as a substrate to which cells 
can adhere once they’ve crossed the membrane. Matrigel forms a thick layer (resembling 
reconstituted basement membrane) on the topside of the membrane, through which cells can 
invade. 

 
 
Reviewer 3 Advance Summary and Potential Significance to Field... 
 
Grafinger et al Review 
In this Manuscript, Grafinger et al present that activation of β1-integrin promotes phosphorylation 
and trafficking of MT1-MMP to sites of invadopodia to regulate cell invasion. Further they provide 
evidence to support β1-integrin-mediated activation of Src and EGFR, two known regulators of 
invadopodia biogenesis, play a role in MT1-MMP trafficking to invadopodia. This work builds upon 
previous work that showed Threonine (T567) phosphorylation at the cytoplasmic tail of MT1-MMP 
regulates its internalization. The key finding of this manuscript is internalization and recycling of 
MT1-MMP to sites of invadopodia in response to β1-integrin activation. Yet, there is very little to no 
imaging data to capture and characterize this dynamic process in time. In my view, while data 
presented are of good quality and biochemically thorough, major weakness of this manuscript is the 
lack of imaging data to complement biochemical data to support MT1-MMP trafficking to sites of 
invadopodia (i.e. Time-lapse video imaging). Another shortcoming of this manuscript is its 
overreliance on antibody-mediated activation of β1-integrin. At least some experiments should be 
repeated with the natural ligand of β1-integrin to validate major conclusions. 
 

• To study 1 integrin-mediated signalling during invadopodia formation, we have 
conducted experiments under conditions that are widely recognized as optimal for study of 
invadopodia (plating cells on gelatin). We have also examined MT1-MMP phosphorylation in 
cells plated on collagen or fibronectin, and now include this in Supplementary Fig. 4 (page 6, 
line 181-183). We observed identical responses to antibody stimulation as in experiments 
presented in Fig. 4A of the manuscript. The system we have set up is specifically designed to 

interrogate the role of 1 integrin signalling, independently of other ECM receptors, in a 
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controlled cellular context. Our observations suggest that in these serum-starved cells 
antibody treatment is an effective way to induce a robust, tractable signalling response that is 

specific for 1 integrin. 
 
Despite these concerns, this is an interesting work and will significantly contribute to the mechanistic 
understanding of invadopodia biogenesis and cell invasion. Hence, I recommend publication of this 
manuscript with successful revisions of the following concerns: 
 
Major Points: 
 

1) Figure 1A&B: Authors use Fak phosphorylation as readout for β1-integrin activation. While 
inhibition of β1-integrin by AIIB2 antibody has no significant change in Fak Phosphorylation, it 
decreases Matrigel cell invasion by two fold. How do they explain the discordance? 
 

 We have not observed changes in FAK phosphorylation in response to treatment with 
AIIB2. We have observed inhibition of cell spreading following treatment with this antibody, 
consistent with predicted effects for this treatment, and this is now shown in Fig. 1C (page 4, 
line 122-126). We have added a statement in the results suggesting that decreased cellular 
invasion may be partly due to cells adhering more slowly to the Matrigel substrate in AIIB2-
treated conditions (page 5, line 128-130). 

 

2) Figure 1C: Authors have controlled for the difference in cell migration between different 
experimental conditions, however, they have not controlled for difference cell proliferation - 20 
hrs is sufficient time to see differences in cell proliferation. 
 

 We are using serum-free conditions and have confirmed that proliferation is negligible 
(data not shown). 

 

3) Figure 2D: Vinculin & F-actin co-localization is used to quantify invadopodia precursors. Given 
Vinculin & F-actin co-localize in other cellular structures downstream from activated β1-integrin 
(i.e. Focal adhesions), Tks 5/cortactin or Tks5/F-actin would be better choices as markers of 
invadopodia. 

 

 We appreciate this helpful suggestion. Invadopodium formation assays were repeated, 
using different markers, and the new protocol is described in the methods section. Cells are 
now stained with F-actin and Tks5 (page 15, line 454-455). 

 

4) Figure 3: Confocal images of β1-integrin and MT1-MMP are needed to complement the 
biochemical data and show an increase in surface level of β1- integrin and MT1-MMP in response to 
β1-integrin activation. 
 

 Confocal images demonstrating increased cell surface levels of MT1-MMP and B1 integrin 
at the cell surface are now shown in Fig. 3C (page 6, line 162-165). 

 

5) Figure 4: Similar to figure 3, confocal images are needed to complement the biochemical data. 
 

 Fig. 4E now shows Confocal microscopy analysis to complement the internalization assay 
results in Fig. 4B-D (page 7, line 195-199). 

 

6) Figure 5: I am not entirely convinced that EGFR is in a complex with Src/Integrin (Figure 5A). Is 
it possible to do the reverse IP? (IP EGFR and blot for Src/Integrin or IP Integrin and blot Src/EGFR). 
 

 The reverse IP has been completed; B1 integrin was immunoprecipitated and Src and EGFR 
were detected by Western blot (Supplemental Fig. S6, page 6, line 187-188). 

 

7) Figure 5: Do Src colocalize to the EGFR and β1-integrin rich punctae? And these punctae 
endosomes or invadopodia? Some immunofluorescence with endosome or invadopodia marker 
should address these questions. 
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 We thank the reviewer or this insightful suggestion. Fig. 5C has now been replaced with a 
figure showing that β1 colocalizes with both EGFR and Src at cortactin punctae when cells are 
treated with P4G11 (page 7-8, line 212-215). 

 

8) Figure 6: EGFR tyrosine phosphorylation in response to β1-integrin activation appears to be 
partly due to Src but perhaps another kinase is involved (Figure 6E). Can you confirm this with 
another Src Inhibitor SU6656 or SiRNA-Src? If that is indeed the case, it might be a good idea to 
discuss other potential candidates (i.e. Met and Fak – other kinases known to be involved in 
invadopodia biogenesis). 
 

 This is an excellent comment. We have confirmed EGFR phosphorylation is sensitive to 
treatment by Src inhibitor (Fig. 6E), Src knockdown (Fig. S7C), and expression of dominant 
negative Src (Fig. 6F). It is certainly plausible nonetheless that another kinase does contribute 
to the phosphorylation of EGFR. Therefore, as suggested by the reviewer a statement has 
been added to the Discussion, paragraph 5 (page 13, line 369-371), addressing the potential 
involvement of the other kinases in the downstream signaling of β1 integrin. 

 

 

9) Figure 7: Similar to β1-integrin mediated phosphorylation/activation of EGFR, Does Ligand-EGF- 
stimulation result in MT1-MMP phosphorylation? 
 

 We have done this experiment. Treatment of cells with EGF does induce phosphorylation 
of MT1-MMP; the results are shown in Fig. 7E (page 9, line 245-247). 

 

10) Figure 8A: Need staining of F-actin and another marker of invadopodia (Tks5/cortactin) to 
properly identify invadopodia and quantify them under different conditions. 
 

 We have performed invadopodia formation assays and overlayed the distributions of GFP-

tagged constructs used in Fig. 8 with staining of cortactin and 1 integrin to confirm 
colocalization of these constructs with invadopodial markers. The data are presented in 
Supplemental Fig. S8 (page 9-10, line 272-276) 

 
Minor Points: 
 
1) I strongly recommend you to display the timeframes of confocal images on the figure itself, 
instead of figure legend. It is much more visual and facilitates comparison of different images. 
 

 We appreciate this suggestion and it has been completed for all confocal images. 
 
2) In Figure 7A, Western blot and corresponding graph quantifies MT1-MMP phosphorylation are 
not in the same order. 
 

 This has been corrected. 
 
3) Williams et al, 2014 manuscript (SNAP23, VAMP7 and Syntaxin4…) is not properly referenced. 
 

 This reference has now been properly cited. 
 
 

 
 
Second decision letter 
 
MS ID#: JOCES/2019/239152 
 

MS TITLE: 1 integrin-mediated signaling regulates MT1-MMP phosphorylation to promote tumour 
cell invasion 
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AUTHORS: Olivia R Grafinger, Genya Gorshtein, Tyler Stirling, Megan I Brasher, and Marc G 
Coppolino 
ARTICLE TYPE: Research Article 
 
We have now reached a decision on the above manuscript. 
 
To see the reviewers' reports and a copy of this decision letter, please go to: https://submit-
jcs.biologists.org and click on the 'Manuscripts with Decisions' queue in the Author Area. 
(Corresponding author only has access to reviews.) 
 
As you will see, reviewer 2 has raised several concerns regarding the new data presented in the 
revised manuscript. I agree that any images shown should be accompanied by quantitiation. In 
addition, the 4 degree control and the impact of the inhibitory b1 integrin antibody should be 
included. Lastly, while I don't find it necessary to perform a proximity ligation assay for the 
purposes of the data shown in Figure 4E, you should at least co-stain with a marker of 
internalization (e..g AP2, APPL1) and perform a Pearson's correlation co-efficient. If you can deal 
satisfactorily with these criticisms, I would be pleased to see a revised manuscript. 
 
Please ensure that you clearly highlight all changes made in the revised manuscript. Please avoid 
using 'Tracked changes' in Word files as these are lost in PDF conversion. 
 
I should be grateful if you would also provide a point-by-point response detailing how you have 
dealt with the points raised by the reviewers in the 'Response to Reviewers' box. Please attend to 
all of the reviewers' comments. If you do not agree with any of their criticisms or suggestions 
please explain clearly why this is so. 
 
 
Reviewer 1 
 
Advance summary and potential significance to field 
 
The authors have sufficiently addressed all my concerns. 
 
Comments for the author 
 
The authors have sufficiently addressed all my concerns. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
The key finding of the work presented by Grafinger et al is the regulation of MT1-MMP 
internalization by b1 integrin activation. 
 
Comments for the author 
 
Major weakness is the lack of control and experiments to support this finding. The first review 
already pointed out the lack of experiments regarding MT1-trafficking regulation by b1 integrin 
activation. The authors are considering that using activation mutants of b1 integrin is beyond the 
scope of study. However it is important to exclude the clustering effect induced by activating 
antibodies. If it is not possible, different controls are requested : 
1. The internalization assay is restricted to the approach based on cell surface biotynilation. It is 
important to check the efficiency of biotin scraping by introducing the internalization condition at 
4°C to give an idea about the background by imaging and by western blot. Another control is 
missing : the internalization assay with inhibiting b1 integrin antibodies to compare with the 
activating b1 integrin antibody.  
2. The increase or decrease of MT1 MMP cell surface has to be correlated with a decrease or 
increase of internalization. A good imaging of MT1 MMP vesicles is necessary in condition where b1 
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integrin is activated and inhibited. The internalization has to be imaged to demonstrate the co-
internalization of b1 integrin with MT1-MMP. The level of MT1MMP at the cell-surface is not enough. 
Fig 3 Is not convincing. Moreover It is difficult to know at what extend the clustering of b1 integrin 
induced by the activating antibody impacts MT1 trafficking or rather invadopodia formation. A 
marker of internalization is missing. What about MT1 MMP/AP2 staining to efficiently see MT1 MMP 
trafficking? For this PLA experiments are requested (epifluorescence in figure 3 or fig 4 is not 
enough). 
3. Each quantification has to be supported by representative images and each image has to be 
quantified. 
 
 
Reviewer 3 
 
Advance summary and potential significance to field 
 

In this Manuscript, Grafinger et al present that activation of 1-integrin promotes phosphorylation 
and trafficking of MT1-MMP to sites of invadopodia to regulate cell invasion.  

Further they provide evidence to support 1-integrin-mediated activation of Src and EGFR two 
known regulators of invadopodia biogenesis, play a role in MT1-MMP trafficking to invadopodia. This 
work builds upon previous work that showed Threonine (T567)  
phosphorylation at the cytoplasmic tail of MT1-MMP regulates its internalization. The key finding of 
this manuscript is internalization and recycling of MT1-MMP to sites of invadopodia in response to 

1-integrin activation. It is an interesting work and will contribute to the mechanistic 
understanding of invadopodia biogenesis and cell invasion. Authors have addressed most of my 
major concerns, thus I recommend publication of this manuscript. 
 
Comments for the author 
 
Any Video Microscopy of B1 mediated EGFR activation and invadopodia formation vs Ligand 
activated EGFR mediated invadopodia formation? Any differences? 
 
 

 
Second revision 
 
Author response to reviewers' comments 
 
We thank the reviewers for their helpful comments and have addressed their concerns as outlined 
below. 
 
Reviewer 2 Comments for the author 
Major weakness is the lack of control and experiments to support this finding. The first review 
already pointed out the lack of experiments regarding MT1-trafficking regulation by b1 integrin 
activation. The authors are considering that using activation mutants of b1 integrin is beyond the 
scope of study. However it is important to exclude the clustering effect induced by activating 
antibodies. If it is not possible, different controls are requested : 
 
1.The internalization assay is restricted to the approach based on cell surface biotynilation. It is 
important to check the efficiency of biotin scraping by introducing the internalization condition at 
4°C to give an idea about the background by imaging and by western blot. Another control is 
missing : the internalization assay with inhibiting b1 integrin antibodies to compare with the 
activating b1 integrin antibody.  
 
• Figure 4C has been redone to include the two controls mentioned: 4 degree C as well as the 

1 inhibition (AIIB2) treatment.  
 
• The results of the internalization assay are reflected graphically in Fig. 4D, and in the text 
(lines 196-199). 
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2.The increase or decrease of MT1 MMP cell surface has to be correlated with a decrease or 
increase of internalization. A good imaging of MT1 MMP vesicles is necessary in condition where b1 
integrin is activated and inhibited. The internalization has to be imaged to demonstrate the co-
internalization of b1 integrin with MT1-MMP. The level of MT1MMP at the cell-surface is not enough. 
Fig 3 Is not convincing. Moreover It is difficult to know at what extend the clustering of b1 integrin 
induced by the activating antibody impacts MT1 trafficking or rather invadopodia formation. A 
marker of internalization is missing. What about MT1 MMP/AP2 staining to efficiently see MT1 MMP 
trafficking? For this PLA experiments are requested (epifluorescence in figure 3 or fig 4 is not 
enough). 
 

• Figure 4E has now been redone to include analysis of MT1-MMP and 1-integrin 

internalization into early endosomes. It is demonstrated that under 1-integrin-activated 

conditions, both MT1-MMP and 1 integrin colocalize with Rab5, a marker of early endosomes. This 

colocalization, which is not seen when 1-integrin is inhibited, is commensurate with the reduction 

of MT1-MMP and 1-integrin levels on the cell surface caused by 1-integrin activation. The data 

support a model wherein activation of 1-integrin stimulates internalization of 1-integrin and MT1-
MMP into endosomes (lines 199-202). 
 
3.Each quantification has to be supported by representative images and each image has to be 
quantified. 
 
• Quantification for the protein internalization assay (Fig. 4C) is demonstrated graphically in 
Fig. 4D (lines 196-199). 
 

• Quantification for MT1-MMP and 1 Integrin colocalization with Rab5 (Fig. 4E) was 
performed using the Coloc2 plugin in ImageJ, and the Pearson’s Correlation Coefficients are 
represented graphically in Fig. 4F (lines 202-205). 
 
 
Reviewer 3 Comments for the author 
Any Video Microscopy of B1 mediated EGFR activation and invadopodia formation vs Ligand 
activated EGFR mediated invadopodia formation? Any differences? 
• This is a great suggestion, and is part of our work in progress.  
 
 

 
 
Third decision letter 
 
MS ID#: JOCES/2019/239152 
 

MS TITLE: 1 integrin-mediated signaling regulates MT1-MMP phosphorylation to promote tumour 
cell invasion 
 
AUTHORS: Olivia R Grafinger, Genya Gorshtein, Tyler Stirling, Megan I Brasher, and Marc G 
Coppolino 
ARTICLE TYPE: Research Article 
 
I am happy to tell you that your manuscript has been accepted for publication in Journal of Cell 
Science, pending standard ethics checks.  
 

 


