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ABSTRACT 

Metastasis continues to be the leading cause of breast cancer-related deaths. 

Metastasis is a multistep process during which cancer cells leave the primary tumor, invade 

and seed inside secondary tissues, leading to lethal organ failure. Currently, no efficient 

method exists for the elimination of invasive cancer cells, which poses a major clinical 

challenge. Indeed, while localized cancers are clinically manageable, invasive breast 

cancer is largely an uncurable disease. Understanding how cancer cells sustain an invasive 

behavior may lead to the development of novel potent therapies. 

A vast genetic and phenotypic heterogeneity exists among invasive cancer cells. 

This heterogeneity is important to investigate as, in breast cancer patients, most metastatic 

nodules are polyclonal and consist of cancer cells that invaded and disseminated 

collectively. While recent studies demonstrated that collective invasion can be cooperative, 

where leader cells enable the invasion of otherwise non-invasive follower cells, the 

mechanisms regulating their cooperativity have been poorly investigated. Additionally, it 

is not known whether cooperative invasion can lead to metastasis, where metastatic cells 

enable the dissemination of non-metastatic cells. 

Our laboratory previously showed that breast cancer cells can locally degrade the 

extracellular matrix using invadopodia, which are membrane protrusions enriched in 

matrix metalloproteinases. Importantly, invadopodia are required for metastasis of single 

cancer cells. However, whether invadopodia enable the collective invasion and metastasis 

of cancer cell clusters remains unknown. Further, the role of invadopodia-mediated matrix 

degradation in leader vs. follower cells is unclear. 
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In this dissertation, we aim to understand how cancer clones with and without 

invadopodia may cooperate during invasion and metastasis. Our results suggest that a few 

cells with invadopodia can drive the metastasis of cell clusters from multiclonal tumors. 

From this work, we believe that a more detailed understanding of how cancer cells 

cooperate may help in identifying new targets for preventing metastasis.   

  



iv 

DEDICATION AND ACKNOWLEDGMENTS 

To those of you who will read 

this, accept my apologies; I have never 

been good with speeches and I remain 

bad at it. Therefore, I will be brief. 

This dissertation is dedicated to 

my family and my friends. I love you 

more than I can express here. Just know 

that I would not have been capable of 

completing this work without you. 

Despite some of us being far apart, we 

were and will always be together. I have 

never doubted your support. Your love 

carried me through. Thank you. 

Bojana, I will never forget that 

day we met in Central Park. Looking 

back now, I realize how fortunate I was 

to work with you and help build your 

lab. Thank you for trusting me with this. 

Your mentorship made me grow 

considerably. Know that I will always 

remember my time in the Gligorijevic 

lab. I am forever grateful to you. 

À celles et ceux qui liront ceci, 

excusez-moi ; je n’ai jamais été, et ne 

suis toujours pas, douée pour les 

discours. C’est pourquoi je serai brève. 

Je dédie cette thèse à ma famille 

et mes amis. Je vous aime si fort, les 

mots m’en manquent. Sachez que je 

n’aurais pas pu terminer ce travail sans 

vous. Même si nous étions séparés, nous 

étions et serons toujours ensemble. Je 

n’ai jamais douté de votre soutien. Votre 

amour m’a porté. Merci. 

Bojana, je n’oublierai jamais le 

jour de notre rencontre dans Central 

Park. Avec du recul, je me rends compte 

de la chance que j’ai eu de travailler 

avec toi et de t’aider à établir ton labo. 

Merci de m’avoir fait confiance. Ta 

supervision m’a fait énormément 

grandir. Sache que je me souviendrai 

toujours de mon temps dans le  



v 

Tuya, I am overwhelmed by the 

amount of gratitude I feel for you. I 

know that you know why. Love, always. 

Dr. Cukierman, Dr. Wang, Dr. 

Lelkes and Dr. Petrie, thank you for 

always finding the right words to cheer 

me up. I will always be looking forward 

to our discussions. I am lucky to be 

blessed by your knowledge. It was a true 

honor to be under your guidance. 

To the members of the 

Gligorijevic lab and of the 

Bioengineering Department, I am 

grateful for all of you, who made this 

journey a smooth ride.  

 

 

Gligorijevic lab. Je te serai toujours 

reconnaissante. 

Tuya, je suis troublée par 

l’ampleur de l’affection que j’ai pour toi. 

Je sais que tu sais pourquoi. Love, 

toujours. 

Dr. Cukierman, Dr. Wang, Dr. 

Lelkes and Dr. Petrie, merci d’avoir 

toujours trouver les mots justes pour me 

remonter le moral. J’attendrai toujours 

nos rendez-vous avec impatience. Je suis 

chanceuse de bénéficier de votre savoir. 

C’était un réel honneur d’être sous votre 

direction.  

Aux membres du Gligorijevic lab 

et du Bioengineering Department, je 

vous suis reconnaissante pour avoir fait 

que cette aventure soit aisée. 

  



vi 

ABSTRACT ........................................................................................................................ II 

DEDICATION AND ACKNOWLEDGMENTS ............................................................. IV 

LIST OF FIGURES ....................................................................................................... VIII 

CHAPTER 1: INTRODUCTION ....................................................................................... 1 

 Metastasis is a Clinical Challenge .......................................................................... 1 

 Metastasis Begins with Invasion ............................................................................. 2 

 The EMT : From Collective to Single Cell Invasion .............................................. 5 

 Invadopodia Result in ECM Degradation and Are Required for Metastasis of 

Mesenchymal Cells ............................................................................................................. 7 

 Metastases Can Develop from Polyclonal Seeding .............................................. 10 

 Cancer Cell Can Cooperate to Invade ................................................................... 10 

 Aims of this Dissertation ...................................................................................... 12 

 List of Publications ............................................................................................... 12 

CHAPTER 2: INVADOPODIA ENABLE COOPERATIVE INVASION AND 

METASTASIS OF BREAST CANCER CELLS ............................................................. 14 

 4T1 Cells, But Not 67NR Cells, Invade into Collagen I ...................................... 14 

 4T1 Cells Express E-cadherin and 67NR Cells Express N-cadherin ................... 18 

 Differential Motility Drives Cell Sorting Between 4T1 and 67NR Cells ............. 20 

 An Adhesive ECM Interface Is Required for Maintenance of Cell Sorting ......... 25 

 4T1 Cells Lead 67NR Cells In an MMP-Dependent Cooperative Invasion ......... 28 

 Cells With Invadopodia Lead Cells Without Invadopodia in Cooperative  

Invasion ............................................................................................................................. 31 



vii 

 Cells With Invadopodia and Without Invadopodia Perform Cooperative 

Metastasis .......................................................................................................................... 32 

 Summary ............................................................................................................... 36 

CHAPTER 3: CONCLUSIONS AND FUTURE PERSPECTIVES ................................ 37 

 Partial EMT Is Sufficient for Invadopodia Assembly .......................................... 37 

 Cancer Cells Organize Themselves: Cell Sorting ................................................. 37 

 Determinants of Leaders vs. Follower Cells ......................................................... 38 

 Leader-Follower Switching .................................................................................. 45 

 Cancer Cells Cooperate to Metastasize................................................................. 48 

CHAPTER 4: WORKING MODEL OF CANCER INVASION IN PRIMARY  

TUMORS .......................................................................................................................... 49 

REFERENCES CITED ..................................................................................................... 53 

APPENDIX A: MATERIALS AND METHODS FOR CHAPTER 2 ............................. 63 

APPENDIX B: SUPPLEMENTARY MATERIALS FOR CHAPTER 2 ........................ 75 

APPENDIX C: ADIPOCYTES PROMOTE MORPHOLOGICAL CHANGE OF 

CANCER CELLS THROUGH DIRECT CONTACT ..................................................... 86 

APPENDIX D: A LAMININ β1 FRAGMENT PROVIDES A NEGATIVE FEEDBACK 

ON INVADOPODIA ........................................................................................................ 91 



viii 

LIST OF FIGURES 

 

Figure Page 
 
Figure 1. The metastatic cascade. ....................................................................................... 2 

Figure 2. Invasion of the breast tissue by cancer cells. ....................................................... 4 

Figure 3. The EMT leads to collective and single cell motility. ......................................... 6 

Figure 4. Invadopodia result in ECM degradation and are required for metastasis of 

mesenchymal cells. ............................................................................................................. 8 

Figure 5. Cooperative invasion. ........................................................................................ 11 

Figure 6. 4T1 cells, but not 67NR cells, exhibit MMP-dependent spheroid invasion. ..... 16 

Figure 7. 4T1 cells express E-cadherin while 67NR cells express N-cadherin. ............... 19 

Figure 8. Prior to invasion, 4T1 cells sort from 67NR cells. ............................................ 23 

Figure 9. 4T1, but not 67NR, cells are sensitive to the presence of adhesive ECM. ........ 27 

Figure 10. 4T1 cells lead 67NR cells in an MMP-dependent cooperative invasion. ........ 30 

Figure 11. Cells with and without invadopodia cooperate for invasion and lung  

metastasis. ......................................................................................................................... 34 

Figure 12. ECM degradation by invadopodia is enriched in the G1 phase of the cell  

cycle. ................................................................................................................................. 41 

Figure 13. VEGF and Notch in Tip and Stalk Cell Selection ........................................... 44 

Figure 14. Leader-follower switching............................................................................... 47 

Figure 15. The β1–LN–LE1-4 fragment provides a negative feedback on invadopodia.. 52 

Figure 16. Validation of a 3D coculture imaging device to determine the role of adipocyte-

cancer cell interactions in regulating the invasion of breast cancer cells. ........................ 88 



ix 

Figure 17. Soluble β1–LN–LE1-4 fragment inhibits invadopodia-dependent 2D 

degradation in metastatic breast cancer cells. ................................................................... 95 



1 

CHAPTER 1: INTRODUCTION 

 Metastasis is a Clinical Challenge 

Breast cancer arises when a cell acquires genomic alterations that confer the cell 

with increased proliferative capacities and resistance to cell death [1]. This change in the 

net growth rate of the cell provides its progeny with a selective growth advantage, enabling 

them to outnumber surrounding non-malignant cells. As a small tumor develops locally 

(Figure 1A), cells accumulate additional genomic alterations that cause them to reprogram 

their cellular metabolism and recruit new blood vessels, both of which sustain rapid cell 

proliferation [1]. Eventually, some cancer cells acquire an invasive phenotype enabling 

them to escape the tumor mass and penetrate surrounding tissues (Figure 1B). 

Occasionally, invasive cancer cells reach and enter nearby blood vessels (i.e. intravasate), 

and upon survival inside the bloodstream, they are transported throughout the body and 

can lodge inside secondary organs (Figure 1C). The lymphatic system can also serve as a 

disseminating route. The cascade of events that enables cancer cells to spread from a 

primary tumor mass to other parts of the body is called cancer metastasis [1] (Figure 1). 

More than 90% of breast cancer-related deaths are due to metastasis [2]. One explanation 

for this fact is that, while localized tumors are clinically manageable (surgical removal), 

no efficient methods exist for the elimination of invasive cancer cells once metastatic 

spreading has occurred. Indeed, patients diagnosed with invasive breast cancer have a 

relative 5-year survival rate of only 27%, while it is 99% for patients with a localized 

disease [2]. Therefore, the metastatic spreading of invasive cancer cells  is posing a major 

clinical challenge. Determining how cancer cells sustain an invasive behavior may lead to 

the development of novel potent therapies to prevent metastasis. 
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Figure 1. The metastatic cascade.  
A) At the non-invasive stage, breast cancer cells grow and form a tumor inside the 
mammary gland, which is composed of lobules and milk ducts. B) The presence of cancer 
cells in the stromal tissue surrounding the mammary gland defines the invasive stage of 
breast cancer. Some invasive cancer cells (blue arrows) may reach and enter nearby blood 
vessels. C) Cancer metastasis results in cancer cells seeding inside secondary tissues. 
Adapted from the National Breast Cancer Foundation, Inc. 

 
 
 

 Metastasis Begins with Invasion 

The majority of breast cancers originates from mammary epithelial cells that 

constitute the inner layer of milk ducts [3]. These cancers are called ductal carcinomas. 

The ductal epithelial cells are surrounded by a layer of myoepithelial cells and an outer 

layer of dense extracellular matrix (ECM) called the epithelial basement membrane (BM) 

(Figure 2A). During the early stages of ductal carcinoma, cancer cells proliferate inside the 

lumen of milk ducts that are confined by an intact BM (ductal carcinoma in situ). As the 

cancer progresses, the BM is breached and cancer cells can reach the mammary stromal 

tissue that surrounds milk ducts (invasive ductal carcinoma) (Figure 2A) [4]. The transition 

from ductal carcinoma in situ to invasive ductal carcinoma is the initial step of the 

metastatic cascade. Following this transition, invasive cancer cells can migrate along the 
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interstitial collagen I fibers, which are the main constituent of the tumor microenvironment 

ECM [5]. These fibers often converge towards blood vessels, guiding cancer cells towards 

them (Figure 2B) [6]–[9].  Cancer cells can employ different invasion strategies, which are 

classified as collective or as single cell invasion. One explanation for the existence of these 

two modes of invasion is the epithelial-mesenchymal transition (EMT). 
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Figure 2. Invasion of the breast tissue by cancer cells. 
A) Schematic representation of the ductal carcinoma in situ (intact BM) and the invasive 
carcinoma (breached BM) stages. Adapted with permission from [10]. B) Schematic 
representation of an invasive tumor. Upon breaching of the epithelial BM (green line), 
fibroblasts and immune cells infiltrate the tumor. Fibroblasts contribute to the alignment 
of collagen fibers (red line) perpendicularly to blood vessels and guide tumor cells to the 
vasculature. Adapted with permission from [11]. 
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 The EMT : From Collective to Single Cell Invasion  

The epithelial-mesenchymal transition (EMT) is a developmental program that 

yields to a phenotypic conversion where non-motile epithelial cells detach from each other 

and connect to the ECM, eventually enabling their independent movement [12]. Following 

complete conversion, cells are mesenchymal (Figure 3A). Two hallmarks of the EMT 

program are (1) the change in the expression of intercellular junction proteins, from 

epithelial- (E-) to neuronal- (N-) cadherin, and (2) gain of motility.  

Epithelial cancer cells undergo EMT following abnormal genomic alterations, such 

as aberrant expression of the transcription factor Twist, or after interacting with the tumor 

microenvironment, like exposure to growth factors [12]–[15]. However, in cancer, the 

EMT is not a binary nor a unidirectional switch where epithelial cells become fully 

mesenchymal cells. Instead, cancer cells gradually lose some epithelial traits and partially 

gain mesenchymal attributes, in a reversible fashion, leading to multiple hybrid phenotypes 

named epithelial/mesenchymal [16] (Figure 3). As a result, the EMT program can convert 

a transformed epithelium into either collectively or individually moving cancer cells. 
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Figure 3. The EMT leads to collective and single cell motility. 
In cancer, the EMT program involves the progressive and reversible transition of epithelial 
cells (left, blue) into mesenchymal cells (right, green). Epithelial cells have an apico-basal 
polarity, they adhere to the basement membrane (pink) on their basal side and to adhere to 
each other on their apical side. These cells are non-motile. Mesenchymal cells are single 
cells with a front-back polarity. They adhere to the interstitial matrix (purple) using focal 
adhesions (yellow) and are motile (dashed line arrow). Two hallmarks of the EMT are the 
change in the cadherin expression, from E-cadherin in epithelial cells to N-cadherin in 
mesenchymal cells, and gain of motility (bold). In the intermediate states (bottom), cancer 
cells co-express epithelial and mesenchymal traits and can also move collectively. 
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 Invadopodia Result in ECM Degradation and Are Required for Metastasis of 

Mesenchymal Cells 

Some cancer cells that underwent the EMT program can also acquire the capacity 

to degrade the ECM via invadopodia [17]–[20]. Invadopodia are membrane protrusions 

enriched in actin and actin-binding proteins that deliver matrix metalloproteinases (MMPs) 

to the extracellular space, conferring cancer cells with high proteolytic activity [21] (Figure 

4A). Cancer cells plated on top of a thin layer of fluorescently labeled gelatin (denatured 

collagen I) assemble invadopodia on their ventral side. In this assay,  invadopodia appear 

as bright dots of F-actin and their activity can be seen as dark degradation spots (Figure 

4B). Using mouse models of breast cancer, our laboratory recently showed that 

mesenchymal cancer cells can extend invadopodia towards blood vessels and collagen I 

fibers [9], [22] (Figure 4C). Importantly, we demonstrated that removal of invadopodia 

from mesenchymal cancer cells, by knockdown of the core structural component Tks5 

(Figure 4A), is sufficient to inhibit the intravasation of these cells into blood vessels and 

consequently their lung metastasis in mice [9], [22] (Figure 4D). This work suggests that 

invadopodia are necessary for metastasis and therefore have the potential to become a 

therapeutic target to prevent metastasis [23]. 
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Figure 4. Invadopodia result in ECM degradation and are required for metastasis of 
mesenchymal cells. 
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A) Molecular composition of an invadopodium. The drawn ECM is the BM. Adapted with 
permission from [24]. B) Head and neck squamous carcinoma cells were plated on top of 
fluorescently conjugated matrix (green). Filamentous actin (F-actin, gray or red) and cell 
nuclei (blue) were stained. The cells are then examined for colocalization between F-actin 
puncta and matrix degradation. A selected region of colocalization is indicated by white 
arrows. Adapted with permission from [25]. Scale bar, 10 µm. C) A mesenchymal cancer 
cell (green) dynamically extends invadopodia (white arrowheads) in vivo. Interstitial 
collagen is shown in magenta. Scale bar, 10 µm. Adapted with permission from [9]. 
D) Removal of invadopodia by Tks5 knockdown (KD) reduces lung metastasis of 
mesenchymal cells in vivo. Adapted with permission from [9]. 

  



10 

 

 Metastases Can Develop from Polyclonal Seeding 

Because invadopodia are mostly observed in mesenchymal cancer cells and are 

necessary for metastasis, we proposed that metastases arise from the dissemination of 

single cells. However, recent studies both in mice [26]–[28] and in patients [29] showed 

that metastases can also develop from polyclonal seeding. These polyclonal metastases 

develop from the collective dissemination of cell clusters, as opposed to the successive 

accumulation of multiple single clones. In mice, these polyclonal clusters of breast cancer 

cells account for >90% of metastases [27]. Together with the growing literature on 

phenotypic heterogeneity within primary tumors [30], these observations suggest that 

cooperativity between clones of cancer cells may facilitate metastasis.  

Several reports that studied collective metastasis have also demonstrated that the 

disseminating clusters contain epithelial cancer cells [26], [27], [29], [31], [32]. 

Interestingly, under certain EMT-stimulating conditions, such as high concentration of the 

transforming growth factor β, the normal mammary epithelial cells MCF10A were reported 

to assemble invadopodia [17]. Collectively, these data point to an implication of 

invadopodia in the metastasis of epithelial cancer cells. 

 

 Cancer Cell Can Cooperate to Invade 

The cooperativity between clones of cancer cells has already been studied in the 

context of invasion. After placing tumor spheroids (organoids) inside a 3D matrix of 

collagen I and letting cells invade, the Ewald laboratory showed that cells at the tip of 

invasive strands, which are called the leader cells, are different from the cells trailing 
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behind, the follower cells [26], [27]. One difference that exists between the leaders and 

followers is their invasive skills (Figure 5). Leader cells possess matrix remodeling 

capabilities, while followers do not [33]–[39], enabling the dissemination of these 

otherwise non-invasive follower cells, a phenomenon termed cooperative invasion [35] 

(Figure 5). Since the discovery of this invasion modality, significant work has been carried 

out to uncover the mechanisms by which heterogeneous breast cancer cell populations 

interact and mobilize collectively. Interestingly, cooperative invasion requires degradation 

of the collagen I matrix by MMPs. Although breakdown of the interstitial ECM is clearly 

required for collective invasion, the role of invadopodia in leader vs. follower cells is 

unclear. 

 

 

 
Figure 5. Cooperative invasion.  
During cooperative invasion, cancer cells that possess ECM remodeling abilities (red) co-
invade with non-invasive cells (blue). Fibers of collagen I are represented in purple. 
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 Aims of this Dissertation 

Due to the observations of metastases arising from polyclonal seeding, and our own 

observations of invadopodia being required for metastasis, I suspect that disseminating 

clusters of cancer clones may assemble invadopodia. Since E-cadherin is still express by 

clones in these clusters, I propose that such cells might have initiated the EMT program 

and acquired invadopodia, but without completion of the EMT, so that E-cadherin 

expression is maintained. Therefore, I decided to focus on a breast cancer cell line in the 

intermediate EMT state. I chose the 4T1 cell line, which is invasive, metastatic and 

expresses E-cadherin. Interestingly, the 67NR cell line is isogenic to the 4T1 cell line, non-

invasive, non-metastatic and expresses N-cadherin. Since it was suggested that 

cooperativity between clones of cancer cells may facilitate metastasis, I aim to understand 

how these invasive (4T1) and non-invasive (67NR) clones perform collective metastasis. I 

hypothesize that during invasion, leader cells may preferentially assemble invadopodia, but 

not follower cells. The previously mentioned studies only investigated cooperative 

invasion of cancer cells in 3D settings. As a result, the effects cooperative invasion may 

have on the entire metastatic cascade were not yet explored. I aim to retrace additional 

steps in the metastatic process, including the steps leading to cooperative invasion, with a 

potential cell organization between leaders and followers, and the final metastatic outcome 

(lung colonization). In addition, since invadopodia are required for metastasis, I set to test 

whether cells with invadopodia could enable the metastasis of  cells without invadopodia. 
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CHAPTER 2: INVADOPODIA ENABLE COOPERATIVE INVASION AND 

METASTASIS OF BREAST CANCER CELLS 

Multiple clones of cancer cells can seed metastases via collective invasion and 

dissemination. While it is known that cancer clones cooperate during invasion, the events 

leading to it and the effects it may have on metastasis are not known. In this study, we 

demonstrate that the isogeneic 4T1 and 67NR breast cancer clones first sort from each 

other to then perform cooperative invasion, where 4T1 cells assume the leading position. 

We show that cooperative invasion requires invadopodia only in leader cells and not in 

follower cells. Importantly, we found that cells with and without invadopodia can engage 

in cooperative metastasis. Altogether, our results suggest that a few clones with 

invadopodia can drive the metastasis of cell clusters from heterogeneous tumors. 

 

 4T1 Cells, But Not 67NR Cells, Invade into Collagen I 

To investigate how cancer clones cooperate during metastasis we used the isogeneic 

breast cancer cell lines 4T1 and 67NR [40], [41]. Upon orthotopic implantation in mice, 

both cell lines grow primary tumors, but only 4T1 cells metastasize [42]. We assessed the 

invasive capacities of 4T1 and 67NR cells in the spheroid invasion assay in high-density 

collagen I, which requires MMP-driven degradation of the matrix [43]. After 2 days, we 

found that the 4T1 cells exhibited robust invasion into the collagen I matrix, while 67NR 

cells did not invade (Figure 6A, B). Treatment with the pan-MMP inhibitor GM6001 

effectively blocked invasion (Figure 6A, B). In addition, immunofluorescence labeling of 

MMP-mediated collagen I cleavage sites (Col ¾) showed that the invasion of 4T1 cells 

into the matrix was MMP-dependent (Figure 6C). Treatment with mitomycin C, which 
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impairs cell division [44], confirmed that the invasion of 4T1 cells was not due to cell 

proliferation (Figure 6A, B and fig. S1 in Appendix B).  

 

Invadopodia are membrane protrusions enriched in actin, actin-binding proteins, 

such as cortactin and Tks5, and MMPs [21], [25]. As invadopodia function results in local 

ECM degradation, we hypothesized that invadopodia play a role in the invasion of 4T1 

cells. We also reasoned that the observed difference in the invasion capacities of 4T1 vs. 

67NR cells might be explained, at least in part, by a disparity in their invadopodia function. 

To test this, we first analyzed the expression level of key invadopodia components cortactin 

and Tks5 [25]. Both cell lines expressed similar levels of cortactin and Tks5 (Figure 6D). 

We next measured invadopodia function by culturing cells on top of fluorescently labeled 

gelatin, which allows visualization of degradation as holes in the matrix [45]. We found 

that 4T1 cells, but not 67NR cells, were able to degrade the gelatin layer (Figure 6E, F). 

Puncta of co-localized Tks5, F-actin and degraded gelatin, indicative of functional and 

mature invadopodia, were present in 4T1 cells (Figure 6G). This suggests that the observed 

degradation holes were generated by invadopodia. To examine whether invadopodia also 

play a role in the invasion of 4T1 cells in spheroids, we labeled spheroids for F-actin, Tks5 

and MMP-mediated collagen I cleavage sites. We identified functional invadopodia in 

leader cells, demonstrated by co-localization of F-actin, Tks5 and MMP-mediated collagen 

I cleavage sites (Figure 6H). These observations established a link between invadopodia 

and collective invasion of 4T1 cells and suggest that leader cells may assemble 

invadopodia. Overall, these results demonstrated that, 4T1 cells perform MMP-dependent 

collective invasion, while the 67NR cells do not invade into dense collagen I matrix. 
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Figure 6. 4T1 cells, but not 67NR cells, exhibit MMP-dependent spheroid invasion.  
(A) Representative micrographs (maximum projection) of 4T1 and 67NR spheroids grown 
in a 3D collagen I matrix for 2 days. Nuclei were stained with DAPI. Spheroids were treated 
from day 0 with a pan-MMP inhibitor (GM6001, top right panel), a mitosis inhibitor 
(mitomycin C, Mito C, bottom right panel) or DMSO control. Scale bar: 100 µm. (B) 
Quantification of the spheroid area as a function of time for 4T1 and 67NR cells from (A). 
P=0.0006, 0.0001, 0.1254 and 0.0571 were obtained by the two sample t-test. (C) 
Representative micrographs of a 4T1 strand 2 days after the spheroid was embedded in a 
3D collagen I matrix. The spheroid was immunolabeled for MMP-mediated cleaved 
collagen I (Col-3/4, green). F-actin (phalloidin, magenta) and nuclei (DAPI, blue) were 
stained. Scale bar: 50 µm. (D) Western blot analysis of Tks5 and cortactin expression levels 
in 4T1 and 67NR cells. β-actin is used as a loading control. (E) Representative micrographs 
of gelatin degradation for 4T1 (top panel) and 67NR (bottom panel) cells 18 h post plating. 
The inserts show a 4X zoom-in of the boxed area and arrowheads indicate representative 
degradation holes. Scale bars: 20 µm. (F) Quantification of the degradation area per cell 
for 4T1 and 67NR cells from (E). P<4.40e-16 was obtained by the Wilcoxon rank sum test. 
(G) Representative micrographs of 4T1 cells grown on fluorescent gelatin (gray), 
immunolabeled for Tsk5 (green) and with labeled F-actin (phalloidin, magenta). The 
inserts show a 2X zoom-in of the boxed area and arrowheads indicate representative mature 
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invadopodia. Scale bar: 10 µm. (H) Representative micrographs of a 4T1 strand 2 days 
after the spheroid was embedded in a 3D collagen I matrix. The spheroid was 
immunolabeled for Tks5 (green) and MMP-mediated cleaved collagen I (C-3/4, cyan). F-
actin (phalloidin, magenta) was stained. The inserts show a 1.25X zoom-in of the boxed 
area. Scale bar: 30 µm. All data are represented as boxplots with median (line), 25th/75th 
percentiles (boxes) and maximum/minimum (whiskers). Statistical significance was 
defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information on the metrics and 
statistics can be found in the Table S1. 
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 4T1 Cells Express E-cadherin and 67NR Cells Express N-cadherin 

4T1 cells are known to invade as collective strands, with presence of E-cadherin at 

cell-cell junctions [46], [47]. We confirmed that 4T1 cells expressed E-cadherin, while 

67NR cells expressed N-cadherin (Figure 7A, B) [46]–[48]. Both 4T1 and 67NR cell lines 

expressed vimentin (Figure 7A). Interestingly, on the EMT axis, this classifies the invasive 

4T1 cells as epithelial/mesenchymal (E/M) and the non-invasive 67NR cells as 

mesenchymal. Further, in the 4T1 spheroids, we found E-cadherin to be enriched at the 

border of leader and follower cells, which verified that the integrity of E-cadherin-mediated 

cell-cell junctions was maintained during invasion (Figure 7C, D). 
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Figure 7. 4T1 cells express E-cadherin while 67NR cells express N-cadherin.   
(A) Western blot analysis of E/N-cadherin (E/N-cad) and vimentin (vim) expression levels 
in 4T1 and 67NR cells. β-actin is used as a loading control. (B) Representative micrographs 
(maximum projection) of 4T1 and 67NR spheroids grown in a 3D collagen I matrix for 2 
days, immunolabeled for E/N-cadherin (green) and with labeled nuclei (DAPI, blue). Scale 
bars: 100 µm. (C) Representative micrographs of a 4T1 strand 2 days after the spheroid 
was embedded in a 3D collagen I matrix. The spheroid was immunolabeled for E-cadherin 
(E-cad, green), and F-actin (phalloidin, magenta) and nuclei (DAPI, blue) were stained. 
Bottom panels show the relative E-cadherin (E-cad, green) an F-actin (magenta) signals 
along the solid (leader cell-follower cell (L-F) junction) and dashed (follower cell-follower 
cell (F-F) junction) yellow lines. Scale bar: 20 µm. (D) Quantification of the E-cadherin 
signal at L-L and F-F cell junctions from (C). The data represented as the signal ratio at 
the junction over cytosol.   P=0.3086 was obtained by the Wilcoxon rank sum test. Data 
are represented as boxplots with median (line), 25th/75th percentiles (boxes) and 
maximum/minimum (whiskers). Statistical significance was defined as *p<0.05, **p<0.01 
and ***p<0.001. Additional information on the metrics and statistics can be found in the 
Table S1. 
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 Differential Motility Drives Cell Sorting Between 4T1 and 67NR Cells 

The differential adhesion hypothesis predicts that, within tissues, cell sorting arises 

from differences in intercellular adhesiveness [49]. Based on the differential adhesion 

hypothesis and the differential cadherin expression in the 4T1/67NR pair, we reasoned that 

in a mixture of cells, 4T1 will sort from 67NR cells, with N-cadherin-expressing 67NR 

cells surrounding E-cadherin-expressing 4T1 cells. To test this hypothesis, we generated a 

67NR-GFP stable cell line (expressing cytoplasmic GFP) and a 4T1-mScarlet stable cell 

line (expressing cytoplasmic mScarlet). These cells were used to form mixed spheroids at 

a 1:50 ratio of 4T1-mScarlet:67NR-GFP cells, to account for the difference in their 

proliferation rate over the course of the spheroid invasion assay (fig. S3A, B in Appendix 

B). To test if cells sort, we embedded the mixed spheroids in collagen I and performed 

longitudinal imaging (Figure 8A and fig. S3C in Appendix B). To facilitate the longitudinal 

imaging of spheroids, we developed a spheroid imaging device [50] (work published as a 

methods article). Following longitudinal imaging, we noticed that 67NR and 4T1 cells 

sorted from each other starting on day 3, before invasion occurred. Individual optical slices 

(movie S3) and the analysis of cell coordinates clearly demonstrated the enrichment of 4T1 

cells at the edge of spheroids (Figure 8B and fig. S3D in Appendix B). To quantify cell 

sorting, we calculated the relative distance from each cell to the spheroid center, a metric 

we named Distance Index (DI), such that a value of 0 marks the cell at the spheroid center 

and a value of 1 marks the cell at the spheroid-collagen I interface (Figure 8C). At day 3 

after embedding the spheroids in collagen I, we found that the DI of 4T1 cells increased 

over time and was significantly higher than the DI of 67NR cells (Figure 8D). We obtained 

consistent results for individual spheroids (fig. S3E in Appendix B). These data revealed 

https://www.jove.com/v/61902/time-resolved-fluorescence-imaging-analysis-cancer-cell-invasion-3d?status=a63908k
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that, over the course of 3 days, cells reorganized from a random distribution within 

spheroids into two compartments: one compartment at the interface with collagen I, 

containing 4T1 cells, and another compartment in the spheroid center, containing 67NR 

cells. In addition, these results indicated that cell sorting of 4T1 and 67NR cells preceded 

invasion (fig. S3F in Appendix B). 

Spheroids of 4T1 cells have been shown to contain laminin, collagen I and 

fibronectin, which accumulate in between cells [51]. The presence of ECM within a 

spheroid suggests that 3D cell motility, and consequently cell sorting, may require MMPs. 

To test the link between motility, MMPs and cell sorting, we treated spheroids with an 

inhibitor of cell contractility (ROCK inhibitor, Y-27632) or a pan-MMP inhibitor, 

GM6001. We found that both treatments blocked cell sorting (Figure 8E, F). We then 

performed time-lapse imaging of mixed spheroids, treated with DMSO control or GM6001 

to block cell motility in spheroids. We tracked individual cells within the spheroid (movies 

S4 and S5) and for each cell, calculated the difference between the initial and final distance 

indices (∆DI), such that a positive ∆DI indicates cell motility towards the spheroid edge 

(Figure 8G and “Out” in Figure 8I), and a negative ∆DI indicates movement towards the 

spheroid center (Figure 8G and “In” in Figure 8I). A null ∆DI indicates no net movement. 

We classified each cell based on their initial position as “edge” or “core”, and defined the 

edge compartment as a two-cell layer closest to the spheroid-collagen interface (30 µm-

wide elliptical ring; Figure 8G). We found that the percentage of tracked cells that switched 

between compartments during the duration of the time-lapse imaging was negligible for all 

cells, except for the 4T1 cells initially located in the core (fig. S4A in Appendix B). For 

4T1 cells, we found that the ∆DI was significantly higher for cells whose initial position 
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was in the spheroid core compared to cells whose initial position was at the spheroid edge 

(Figure 8H, I). This indicates that 4T1 cells moved from the spheroid core towards the 

spheroid edge. In contrast, 4T1 cells located at the spheroid edge had a ∆DI close to zero 

(Figure 8I) but an instantaneous speed of 6.12 µm/h, suggesting that 4T1 cells that initially 

found at the spheroid edge moved within that compartment only. The ∆DIs were minimal 

for all 67NR cells, regardless of their initial position (Figure 8I). 67NR cells had an 

instantaneous speed of 7.05 µm/h at the edge and 5.66 µm/h in the core indicating that 

these cells moved only within the compartments in which they were initially located. 

Importantly, GM6001 treatment significantly reduced the instantaneous speed of all cells, 

and impaired the movement of 4T1 cells from the core to the edge (Figure 8I). We also 

confirmed that the spheroid growth was similar in the GM6001 and DMSO conditions, 

suggesting that the loss of cell sorting was independent from cell proliferation (fig. S4B in 

Appendix B). Taken together, these results indicate that cell sorting within a mixed 

spheroid is driven primarily by the motility of 4T1 cells from the core to the edge 

compartment and their ability to remain at the edge, while 67NR cells remain in the same 

compartment over time. In summary, we showed that differential motility drives cell 

sorting between 4T1 and 67NR cells. 
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Figure 8. Prior to invasion, 4T1 cells sort from 67NR cells.  
(A) Representative micrographs (maximum projection) of a mixed spheroid, with a 1 to 50 
ratio of 4T1-mScarlet (magenta) to 67NR-GFP (green) cells, grown in a 3D collagen I 
matrix and imaged daily. Day 1 indicate day 1 post embedding. Scale bars: 100 µm. (B) 
Relative coordinates of 4T1-mScarlet (4T1-mScar, magenta crosses) and 67NR-GFP 
(green crosses) cells from all mixed spheroids presented in (A) and fig. S3C. (C) Schematic 
representation of the distance index. (D) Quantification of the distance index (DI) for 4T1-
mScarlet (4T1-mScar, magenta boxes) and 67NR-GFP (green boxes) cells from (A, B). 
P=0.7747, 0.0983, 1.32e-14 and <2.2e-16 were obtained by the Wilcoxon rank sum test. 
(E) Representative micrographs (median slice) of mixed spheroids grown in a 3D collagen 
I matrix for 3 or 4 days. Spheroids were treated from day 0 with an inhibitor of cell 
contractility (ROCK inhibitor, Y-27632, top panels) or a pan-MMP inhibitor (GM6001, 
bottom panels). Scale bar: 100 µm. (F) Quantification of the distance index (DI) for 4T1-
mScarlet (4T1-mScar, magenta boxes) and 67NR-GFP (green boxes) cells from (E). 
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P=0.5694, 0.9285, 0.2821 and 0.428 were obtained by the Wilcoxon rank sum test. (G) 
Schematic representation of the edge (dark gray) and core (light gray) compartments in a 
spheroid. (H) Representative snapshot micrographs (single slice) of a mixed spheroid 
grown in a 3D collagen I matrix. The time-lapse started 10 h post embedding and lasted 
for 44 h. For 4T1-mScarlet and 67NR-GFP cells, representative cell trajectories in the edge 
and core compartments are shown (right panels). The trajectories are color-coded 
according to time. Scale bars: 100 µm. (I) Quantification of the ∆ distance index (∆DI) for 
4T1-mScarlet (4T1-mScar, magenta boxes) and 67NR-GFP (green boxes) cells from (H). 
Spheroids were treated from day 0 with DMSO control (left panel) or a pan-MMP inhibitor 
(GM6001, right panel). P=0.0204, 0.7466, 0.8438 and 0.1064 were obtained by the 
Wilcoxon rank sum test. All data are represented as boxplots with median (line), 25th/75th 
percentiles (boxes) and maximum/minimum (whiskers). Statistical significance was 
defined as *p<0.05, **p<0.01, ***p<0.001. Additional information on the metrics and 
statistics can be found in the Table S1. 
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 An Adhesive ECM Interface Is Required for Maintenance of Cell Sorting 

Since cell sorting occurred by day 3 post collagen-embedding (Figure 8A, D), and 

the accumulation of 4T1 cells at the spheroid edge was maintained throughout 3D invasion 

(Figure 8I), we reasoned that the interaction of 4T1 cells with the ECM may be critical for 

maintaining cell sorting. To test this, we placed mixed spheroids in a non-adherent matrix 

composed of agarose. At day 3 and 4, the DI was similar for both 4T1 cells and 67NR cells, 

demonstrating that cells embedded in agarose did not sort (Figure 9A, B). We also 

confirmed that the spheroid area was similar in both collagen I and agarose matrices, 

indicating that the loss of cell sorting was independent from cell proliferation (fig. S4C in 

Appendix B). This lack of cell sorting could be due to the failure of 4T1 cells to remain at 

the spheroid edge when the adhesive ECM is absent. To test this in real-time, we performed 

time-lapse imaging of mixed spheroids embedded in agarose and tracked individual 4T1 

cells (Figure 9C; movie S6 and S7). We found that the average ∆DI for cells initially 

located at the edge compartment was negative, and close to zero for cells initially located 

in the core compartment (Figure 9D). This indicates that 4T1 cells move from the spheroid 

edge towards the core (movie S6), or move within the core compartment. We also observed 

core 4T1 cells entering and subsequently leaving the edge compartment (movie S7), which 

was not observed in spheroids embedded in collagen I matrix. 

This prompted us to hypothesize that, compared to 67NR cells, 4T1 cells 

preferentially adhere to the ECM. To compare the adhesive properties of 4T1 and 67NR 

cells to collagen I, we developed a 2D cell-ECM competition assay in which both cell types 

are plated on top of adhesive gelatin islands only. These gelatin islands containing cells are 

surrounded by non-adhesive poly-L-lysine coating, which is devoid of cells (Figure 9E). 
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After 24 h, we scored the number of 4T1 and 67NR cells that migrated off of the gelatin 

islands onto the poly-L-lysine coated region. We found that, out of all the cells that moved 

off of the gelatin, 85% were 67NR cells (Figure 9F). In time-lapse movies, we observed 

that 4T1 cells that crossed the gelatin/poly-L-lysine interface migrated back to the gelatin 

layer (movie S8). We wondered whether this could be explained by 4T1 cells having a 

higher adhesion strength to gelatin than 67NR cells. To test this, we measured the contact 

angle of cells plated on gelatin or poly-L-lysine (Figure 9G). The cell-matrix contact angle 

was previously shown to increase with the adhesion strength [52]. We found that both cell 

types had similar contact angle when plated on gelatin (Figure 9H). However, 4T1 cells 

plated on poly-L-lysine had a significantly lower contact angle, while 67NR cells exhibited 

similar contact angle values on both gelatin and poly-L-lysine (Figure 9H), indicating that, 

compared to 67NR cells, 4T1 cells are more sensitive to the presence of ECM. This result 

is in line with the observation that the FAK protein level is higher in 4T1 cells than in 

67NR cells (fig. S5A in Appendix B). By analyzing cell-cell contacts between 4T1 and 

67NR cells plated on gelatin, we found that the percentage of homotypic contacts was 

similar at the time of plating (0 h) and at 24 h post plating (fig. S5 B, C in Appendix B). 

This indicated that 4T1 and 67NR cells did not sort in 2D, suggesting that the differential 

adhesion hypothesis is not the main driver for cell sorting in our system. Moreover, this 

also emphasized the need for a cell (spheroid)-ECM interface for cell sorting to occur.   
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Figure 9. 4T1, but not 67NR, cells are sensitive to the presence of adhesive ECM.  
(A) Representative micrographs (median slice) of mixed spheroids grown in an agarose 
matrix for 3 or 4 days. Scale bar: 100 µm. (B) Quantification of the distance index (DI) for 
4T1-mScarlet (4T1-mScar, magenta boxes) and 67NR-GFP (green boxes) cells from (A). 
P=0.3221 and 0.99 were obtained by the Wilcoxon rank sum test. (C) Representative 
snapshot micrographs (single slice) of a mixed spheroid grown in a 3D collagen I matrix. 
4T1-mScarlet cells are shown. The time-lapse started 10 h post embedding and lasted for 
44 h. Representative cell trajectories in the edge and core compartments are shown (right 
panels). The trajectories are color-coded according to time. Scale bar: 100 µm. (D) 
Quantification of the ∆ distance index (∆DI) for 4T1-mScarlet cells from (C). P=0.0008 
was obtained by the Wilcoxon rank sum test. (E) Schematic representation of the 2D cell-
ECM competition assay and representative micrographs of cells present at the gelatin/poly-
L-lysine (PLL) interface 24 h post plating (top, right panel). 4T1-mScarlet (4T1-mScar; 
bottom, left panel) and 67NR-GFP (bottom, right panel) cells were plated on the gelatin 
islands only. Scale bar: 200 µm. Done with help of Dr. Battuya Bayarmagnai. (F) 
Quantification of the % of 4T1-mScarlet (4T1-mScar, magenta boxes) and 67NR-GFP 
(green boxes) cells on poly-L-lysine (PLL) from (E). (G) Schematic representation of the 
contact angle (θ) and representative micrographs (orthogonal views) of 4T1-mScarlet and 
67NR-GFP cells on poly-L-lysine (PLL) or gelatin, 5 h post plating. Scale bar: 5 µm. (H) 
Quantification of the contact angle θ for cells from (G). PLL, 4T1 vs. 67NR: P=1.25e-09; 
gelatin, 4T1 vs. 67NR: P=0.5626; 4T1, PLL vs. gelatin: P=4.13e-10 and 67NR, PLL vs. 
gelatin: P=0.05706 were obtained by the Wilcoxon rank sum test. All data are represented 
as boxplots with median (line), 25th/75th percentiles (boxes) and maximum/minimum 
(whiskers). Statistical significance was defined as *p<0.05, **p<0.01, ***p<0.001. 
Additional information on the metrics and statistics can be found in the Table S1.  
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 4T1 Cells Lead 67NR Cells In an MMP-Dependent Cooperative Invasion  

Following sorting of 4T1 and 67NR cells in spheroids at day 3 and 4, invasion 

occurred at day 5 and 6 (Figure 8A and Figure 10A; fig. S3C in Appendix B). One 

mechanism by which cancer cells can invade collectively is cooperation: invasive leader 

cells create microtracks inside the ECM, through which non-invasive cells can follow [34], 

[35], [37], [53]. Since 4T1 and 67NR cells display differential invasive skills, we reasoned 

that 4T1 cells could enable the cooperative invasion of the non-invasive 67NR cells. To 

test this hypothesis, we analyzed the mixed spheroids at day 6 post embedding. We 

observed that the non-invasive 67NR cells entered the collagen I matrix (Figure 10A). 

Accordingly, we found that, compared to spheroids made of 67NR cells, mixed spheroids 

had a higher number of strands per spheroid (Figure 10B), approximately one third of 

which contained 67NR cells (Figure 10C). Moreover, in mixed spheroids, we observed that 

the majority of strands was led by 4T1 cells (Figure 10D). Importantly, according to the 

MMP-dependency of 4T1 cells for invasion, GM6001 treatment blocked the cooperative 

invasion of 4T1 and 67NR cells (Figure 10A-C). During cooperative invasion, cell sorting 

between 4T1 and 67NR cells was maintained in the invasive strands as well as within the 

spheroid (Figure 10E-G), with the 4T1 cells accumulating at the spheroid-matrix interface. 

Altogether, these findings demonstrate that an MMP-dependent cooperative invasion 

occurs between these two cell types, with 4T1 cells assuming the leader position. 

Based on our results so far, we proposed that the 4T1-mediated ECM degradation 

is required for 67NR cells to enter the collagen I matrix. Therefore, we assumed that, for 

cooperative invasion to occur, 4T1 cells merely need to be present in the collagen I matrix 

in order to degrade it and create microtracks. To confirm our assumption, instead of pre-
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mixing 4T1 cells with 67NR cells in a spheroid, we embedded 67NR spheroids in collagen 

I matrix populated by 4T1 cells. Similar to our observations in mixed spheroids, we found 

that in the presence of 4T1 cells in the collagen I matrix, 67NR cells invaded into the matrix 

in an MMP-dependent manner (fig.  S6A, B in Appendix B). To exclude the possibility 

that soluble MMPs released by 4T1 cells facilitated the invasion of 67NR cells into the 

collagen I matrix, we cultured spheroids of 67NR cells with conditioned medium from 4T1 

cells. We found that providing conditioned medium from 4T1 cells to 67NR cells was not 

sufficient for 67NR cells to invade into the collagen I matrix (fig. S6C, D in Appendix B). 

In mixed spheroids, we identified microtracks inside the collagen I matrix, filled with 4T1 

cells leading and 67NR cells following (fig. S6E in Appendix B). Overall, our data suggest 

that 4T1 cells degrade the collagen I matrix and lead 67NR cells into cooperative invasion. 

Heterotypic cooperative invasion between cancer-associated fibroblasts and 

epithelial cancer cells has been shown to involve the formation of heterotypic N-

cadherin/E-cadherin adhesions [54]. We did not detect heterotypic E-cadherin/N-cadherin 

adhesions between 4T1 and 67NR cells (fig. S7A-C in Appendix B), suggesting that the 

cooperative invasion between these cells does not require N-cadherin/E-cadherin junctions. 
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Figure 10. 4T1 cells lead 67NR cells in an MMP-dependent cooperative invasion.  
(A) Representative micrographs (maximum projection) of spheroids made of a single or 
mixed 4T1-mScarlet and 67NR-GFP cell line, grown in a 3D collagen I matrix for 6 days. 
Mixed spheroids were made at a 1 to 50 ratio of 4T1-mScarlet to 67NR-GFP cells. Single 
spheroids were made in accordance with this ratio. Spheroids were treated from day 0 with 
a pan-MMP inhibitor (GM6001, right panel) or DMSO control. Scale bars: 100 µm. (B-D) 
Quantification of the number of strands per spheroid (B), the number of 67NR+ strands per 
spheroid (C) and the % of strands led by 4T1-mScarlet (4T1-mScar, magenta box) or 
67NR-GFP (green boxes) cells (D) for single or mixed (white box) spheroids from (A). 
The red empty signs indicate zeros. P=1.9e-07 (B) and 9.86e-06 (C) were obtained by the 
Wilcoxon rank sum test. (E) Representative micrographs (median slice) of mixed spheroids 
from (A). Scale bars: 100 µm. (F) Coordinates of 4T1-mScarlet (4T1-mScar, magenta 
crosses) and 67NR-GFP (green crosses) cells from mixed spheroids in (A) and (E). (G) 
Quantification of the distance index (DI) for 4T1-mScarlet (magenta boxes) and 67NR-
GFP (green boxes) cells from (E, F). P<2.2e-16, 0.066 and <2.2e-16 were obtained by the 
Wilcoxon rank sum test. All data are represented as boxplots with median (line), 25th/75th 
percentiles (boxes) and maximum/minimum (whiskers). Statistical significance was 
defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information on the metrics and 
statistics can be found in the Table S1. 
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 Cells With Invadopodia Lead Cells Without Invadopodia in Cooperative Invasion 

Given that 4T1-mediated ECM degradation is required for cooperative invasion, 

we wondered whether invadopodia assembly by 4T1 cells specifically was responsible for 

ECM degradation. To rigorously confirm that invadopodia function is required for 

cooperative invasion of cancer cells, we stably eliminated invadopodia in 4T1-mScarlet 

cells using a knockdown of Tks5 (4T1-KD) [9], and established the corresponding 4T1-

Control (4T1-CTL) cell line (Figure 11A). We confirmed by gelatin degradation assay in 

2D and spheroid invasion assay in 3D that 4T1-KD cells lost their invasive capacity (Figure 

11B-E). We also verified that 4T1-CTL and 4T1-KD cell lines still expressed E-cadherin 

(Figure 11A). We then performed the spheroid invasion assay for an equal mixture of 4T1-

CTL and 4T1-KD cells. At 2 days after embedding, we found that, in addition to the 4T1-

CTL cells, the non-invasive 4T1-KD cells had entered the collagen I matrix (Figure 11D). 

Compared to 4T1-KD spheroids, mixed spheroids had an increased number of strands 

(Figure 11E), most of which contained 4T1-KD cells (Figure 11F) and were led by 4T1-

CTL cells (Figure 11G). Similar results were obtained when invadopodia were eliminated 

in the human breast cancer cell line MDA-MB-231 (fig. S8A-G in Appendix B). To further 

test the importance of invadopodia in cooperative invasion of cancer cells, we performed 

the spheroid invasion assay for a mixture of 4T1-KD and 67NR-GFP cells. As expected 

for a mixture of clones without invadopodia, we did not observe invasive strands (Figure 

11H, I). Overall, these results demonstrate that functional invadopodia are required in 

leader cells during cooperative invasion, while follower cells can lack invadopodia. 

We did not observe cell sorting between 4T1-CTL and 4T1-KD cells (fig. S9A in 

Appendix B), but we observed cell sorting between 4T1-KD and 67NR-GFP cells (fig. S9B 
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in Appendix B). These findings indicate that invadopodia are not required for cell sorting. 

Since 4T1-CTL and 4T1-KD cells display similar motility skills and cell-ECM adhesion 

properties (fig. S9C, D in Appendix B), these observations also strengthen the requirement 

for differential persistence and differential cell-ECM sensitivity for cell sorting to occur. 

In accordance with this statement, we did not observe cell sorting between 4T1-mScarlet 

and 4T1 cells prior to invasion (fig. S9E, F in Appendix B). 

 

 Cells With Invadopodia and Without Invadopodia Perform Cooperative Metastasis 

Finally, we wanted to investigate whether cells with invadopodia could enable 

metastasis of cells without invadopodia, a process we named cooperative metastasis. To 

test this, we performed the lung clonogenic assay for individual 4T1-CTL or 4T1-KD, or 

a mixture of these two cell lines. In this assay, cells are injected orthotopically and allowed 

to form a primary tumor and metastasize to the lungs. After 14–20 days, the animals are 

sacrificed and the lungs are harvested. A cell suspension is prepared from the digested 

lungs and the growth of colonies is monitored. To determine whether a colony is made of 

4T1-CTL or 4T1-KD cells, we leveraged the fact that 4T1-KD cells are resistant to 

puromycin and geneticin, while 4T1-CTL cells are resistant to puromycin only. We 

confirmed that 4T1-KD cells injected individually were not capable of lung metastasis 

compared to 4T1-CTL cells (Figure 11J). Surprisingly, when 4T1-CTL and 4T1-KD cells 

were co-injected, we found that 4T1-KD cells were capable of lung metastasis (Figure 11J), 

suggesting that cooperative metastasis has occurred. 

 

 
 



33 
 



34 

 
Figure 11. Cells with and without invadopodia cooperate for invasion and lung 
metastasis.  
(A) Western blot analysis of E/N-cadherin, Tks5 and cortactin expression levels in 4T1-
shControl (4T1-CTL) and 4T1-mScarlet-mTks5 KD (4T1-KD) cells. β-actin is used as a 
loading control. (B) Representative micrographs of gelatin degradation for 4T1-shControl 
(4T1-CTL, top panels) and 4T1-mScarlet-mTks5 KD (4T1-KD, bottom panels) cells 18 h 
after plating. The inserts show a 2X zoom-in of the boxed area and arrowheads indicate 
representative degradation holes. Scale bar: 20 µm. (C) Quantification of the degradation 
area per cell for 4T1-shControl (4T1-CTL) and 4T1-mScarlet-mTks5 KD (4T1-KD) cells 
from (B). P=7.24e-14 was obtained by the Wilcoxon rank sum test. (D) Representative 
micrographs (maximum projection) of spheroids made of a single or mixed 4T1-shControl 
(4T1-CTL) and 4T1-mScarlet-mTks5 KD (4T1-KD) cell line, grown in a 3D collagen I 
matrix for 2 days. Mixed spheroids were made at a 1 to 1 ratio. Scale bar: 100 µm. (E-G) 
Quantification of the number of strands per spheroid (E), the number of KD+ strands per 
spheroid (F) and the % of strands led by 4T1-shControl (4T1-CTL) or 4T1-mScarlet-
mTks5 KD (4T1-KD) cells (G) for single or mixed spheroids from (D). P<2.2e-16 was 
obtained by the two-sample t-test, P=7.26e-07 and 0.3802 were obtained by the Welch 
two-sample t-test in (E). P=8.488e-07 was obtained by the Welch two-sample t-test in (F). 
(H) Representative micrographs (maximum projection) of a mixed 4T1-mScarlet-mTks5 
KD (4T1-KD) and 67NR-GFP spheroid, grown in a 3D collagen I matrix for 6 days. Mixed 
spheroids were made at a 1 to 50 ratio. Scale bar: 100 µm. (I) Quantification of the number 
of strands per spheroid for mixed spheroids from Fig. 4A (4T1+67NR) and (H) (4T1-
KD+67NR). P=3.36e-06 was obtained by the Wilcoxon rank sum test. (J) Quantification 
of the number of colonies per cm2 from the lung clonogenic assay. Mice were inoculated 
with a single (plus symbols) or mixed (crosses) 4T1-shControl (4T1-CTL, black) and 4T1-
mScarlet-mTks5 KD (4T1-KD, magenta) cell lines. Except in (J), all data are represented 
as boxplots with median (line), 25th/75th percentiles (boxes) and maximum/minimum 
(whiskers). Statistical significance was defined as *p<0.05, **p<0.01 and ***p<0.001. 
Additional information on the metrics and statistics can be found in the Table S1. 
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Movies S1-S8 are available online (for each movie, the legend is written as a 

comment found in the details pane of OneDrive): 

https://tuprd-
my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQB
bRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj 

 

Movie S1. 4T1 monolayer in the wound healing assay. Representative trajectories are 
shown. Time is in hh:mm. Scale bar: 200 µm. 

 

Movie S2. 67NR monolayer in the wound healing assay. Representative trajectories are 
shown. Time is in hh:mm. Scale bar: 200 µm. 

 

Movie S3. Confocal z stack of a mixed 4T1-mScarlet (magenta) and 67NR-GFP (green) 
spheroid grown in a 3D collagen I matrix for 3 days. Scale bar: 100 µm. 

 

Movie S4. 4T1-mScarlet cells in a mixed spheroid embedded in collagen I. Spheroids were 
treated from day 0 with DMSO control. 67NR-GFP cells are not shown to ease 
visualization. The left panel shows all trajectories, the middle panel a core trajectory and 
the right panel an edge trajectory. Time is in hh:mm. Scale bar: 100 µm. 

 

Movie S5. 67NR-GFP cells in a mixed spheroid embedded in collagen I. Spheroids were 
treated from day 0 with DMSO control. 4T1-mScarlet cells are not shown to ease 
visualization. The left panel shows all trajectories, the middle panel a core trajectory and 
the right panel an edge trajectory. Time is in hh:mm. Scale bar: 100 µm. 

 

Movie S6. 4T1-mScarlet cells in a mixed spheroid embedded in agarose. 67NR-GFP cells 
are not shown to ease visualization. Representative edge trajectories are shown to illustrate 
the inward movement of cells. Time is in hh:mm. Scale bar: 100 µm. 

 

Movie S7. 4T1-mScarlet cells in a mixed spheroid embedded in agarose. 67NR-GFP cells 
are not shown to ease visualization. A representative core trajectory is shown to illustrate 
a cell reaching then leaving the edge compartment. Time is in hh:mm. Scale bar: 100 µm. 

https://tuprd-my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQBbRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj
https://tuprd-my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQBbRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj
https://tuprd-my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQBbRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj
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Movie S8. 4T1-mScarlet (gray) cells at the gelatin/poly-L-lysine interface (red line). A cell 
that crossed the interface and migrated back to the gelatin layer is indicated with a yellow 
arrowhead. Time is in hh:mm. Scale bar: 50 µm. 

 

Materials/methods and supplementary materials for this study are listed in 

Appendix A and B, respectively. 

 

 Summary 

I aimed to understand how invasive and non-invasive clones organize, perform 

collective invasion and metastasis. I found that: 

(1) cell sorting between 4T1 and 67NR cells is driven by differential motility (4T1 cells 

move to the spheroid edge, while 67NR cells remain in place) and differential sensitivity 

to the collagen I (4T1 cells are sensitive, while 67NR cells are not); 

(2) cooperative invasion occurs where cells with invadopodia (4T1, 4T1-shCTL) lead cells 

without invadopodia (67NR, 4T1-KD); 

(3) cells with invadopodia (4T1-shCTL) enable the metastasis of cells without invadopodia 

(4T1-KD) in cooperative metastasis. 
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CHAPTER 3: CONCLUSIONS AND FUTURE PERSPECTIVES 

 
 Partial EMT Is Sufficient for Invadopodia Assembly 

Our results confirm previously reported observations that the invasive 4T1 cells are 

hybrid epithelial/mesenchymal, while the non-invasive 67NR cells are mesenchymal [48], 

[55], [56]. It was previously shown that the expression of Twist, which is necessary for 

invadopodia [18], is present in 4T1 cells but not in 67NR cells [56]. Hence, Twist-mediated 

EMT could be responsible for the differences in invasion skills between 4T1 and 67NR 

cells [56]. Since 4T1 cells, but not 67NR cells, assemble functional invadopodia, it seems 

that specific invadopodia-granting EMT trajectory, rather than EMT completion is required 

for invadopodia emergence. Our results are in line with the recent evidence that hybrid 

epithelial/mesenchymal cells can not only metastasize, but also sometimes even more 

efficiently than mesenchymal cells [31], [57], [58]. 

Despite expressing the core invadopodia components cortactin and Tks5, 67NR 

cells fail to degrade the matrix. However, 67NR cells lack active MMP-2 and MMP-9, 

likely due to MMP-14 (also known as MT1-MMP) not being functional and/or not being 

delivered to the plasma membrane of these cells [59], [60].  

 

 Cancer Cells Organize Themselves: Cell Sorting 

For the first time, here we uncover the role of differential motility and cell-ECM 

sensitivity in establishment of cell sorting in cancer. Classical studies on cell sorting during 

development showed that cell sorting relies on differential strength of cell-cell adhesions 

[49], or on differences in contractility [61]. In contradiction to these views, we show that 

4T1 and 67NR cells did not sort on a 2D gelatin layer or when placed in a 3D agarose 
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matrix. The importance of differential motility in sorting was previously suggested during 

tissue patterning [62], and in engineered breast tubules, where it was shown that more 

directional epithelial cells accumulate at the tissue edge [63]. During self-organization of 

mammary ducts, binary cell-ECM interactions (on or off) were reported to regulate cell 

sorting [52]. Similar to our observations, Pawlizak et al. recently demonstrated that sorting 

of breast cell lines expressing E-, N- or P-cadherin could not be explained by the 

differential adhesion hypothesis [64]. Interestingly, the authors proposed that motility 

could be responsible for cell sorting. 

We find that sorting precedes cooperative invasion, resulting in invasive cells 

accumulating at the spheroid-ECM interface and leading the invasion of multicellular 

strands. This emphasizes the importance of studying the mechanisms regulating the spatial 

organization of leader and follower cells. The accumulation of leader cells at the spheroid-

matrix interface, rather than follower cells, may enhance the speed and efficiency of their 

cooperative invasion. Supporting these views, a recent study demonstrated that cell sorting 

precedes the basal extrusion of mammary epithelial cells [65]. 

 

 Determinants of Leaders vs. Follower Cells 

In this dissertation, we showed that functional invadopodia are required for 3D 

invasion and that cooperative invasion requires active invadopodia in leader cells. In our 

previous work, we have also demonstrated that cells leading invasion strands largely reside 

in the G1 phase of the cell cycle and that breast cancer cells preferentially assemble 

invadopodia during the G1 phase of the cell cycle [43]. In this study, we used the FUCCI 

reporters to visualize cell cycle progression (Figure 12A). The FUCCI system consists of 
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two nuclear fluorescent reporters, mKO2-hCdt1 (red) and mAG-hGem (green). mKO2-

hCdt1 expression peaks in G1 and drops to background levels during early S phase. 

Reciprocally, mAG-hGem level is high in late S, throughout G2 and in M phases, then 

sharply declines in late mitosis [66]. In early S phase, when both probes are expressed, the 

cell nuclei appear yellow. By locating cells with mature invadopodia (i.e. actin puncta on 

top of degradation holes; arrowhead in Figure 12B), we found that 79% of ECM-degrading 

cells resided in the G1 phase (Figure 12C), suggesting that invadopodia may be enriched 

in the G1 phase of the cell cycle. Interestingly, in the spheroid invasion assay, we showed 

that the forward invasion of the strands is driven by invadopodia-degrading cells in G1 

phase (Figure 12D). The Reinhart-King lab has shown that, compared to follower cells, 

leader cells possess the highest level of intracellular energy [67]. Interestingly, invadopodia 

assembly was shown to be a metabolically and structurally demanding process [68]. All 

together, we propose that the G1 phase of the cell cycle, intracellular energy and 

invadopodia function are all determinants of the leader cell identity. Whether these 

determinants contribute to the leader cell identity with the same importance remains to be 

determined. In other words, the interplay between the cell cycle, intracellular energy and 

invadopodia function needs to be investigated in the context of the emergence of leaders 

and followers within a group of cancer cells. Since we found that invadopodia removal 

prevents invasion without affecting cell cycle progression [43], it appears that the ability 

to assemble functional invadopodia is the necessary requirement to define leader cells. 

Among the cells capable of assembling invadopodia, the cell cycle status and/or the 

intracellular energy levels would grant the leading role to a particular cell. Unfortunately, 

simultaneous visualization of the cell cycle, intracellular energy and invadopodia is 
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currently challenged by technical limitations. The spectra of the cell cycle [66] and of the 

intracellular energy probe [67] overlap. Cloning of the genes of interest into a backbone 

that contains a different fluorescent reporter could solve this challenge. Alternatively, the 

use of mathematical  modeling would be ideal to formulate hypothesis that can be tested 

experimentally. 
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Figure 12. ECM degradation by invadopodia is enriched in the G1 phase of the cell cycle. 
(A) Representative images of MDA-MB-231 cells expressing FUCCI cell cycle reporters 
and the F-actin marker mCerulean3–Lifeact7 in G1, early S (middle) and S/G2/M (right) 
phases. Note the actin-enriched punctum in G1 cell (arrowhead, inset 1.5× magnification 
compared to main image). Scale bar: 10 µm. (B) Representative images of a gelatin layer 
of cells in as in A during a 2D degradation assay. Note mature invadopodia in G1, where 
gelatin holes colocalize with actin enriched-punctum (arrow; see top inset for gelatin and 
bottom inset for overlay). (C) Percentage of cells in each phase of the cell cycle, either in 
total cell population, or in cells with invadopodia. Counts are based on 435 cells from three 
biological replicates. The red asterisk represents the comparison of percentage of cells in 
G1. Means±s.e.m. are shown. *P<0.05 (Mann–Whitney U-test). (D) Tracks of four 
consecutive leader cells along the strand axis, over time (Movie 4). The red portion of each 
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lines corresponds to G1 phase, yellow to early S phase and green to late S/G2/M. The time 
period during which a cell was the leader is marked by white numbered lines.  
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Similarly to leader/follower cells, during sprouting angiogenesis, cells of the 

vascular endothelium are specified as tip and stalk cells [69]. In this case, the vascular EGF 

(VEGF) and Notch signaling pathways are implicated (Figure 13). Upon VEGF exposure, 

the expression of the Delta-like ligand 4 (Dll4) is up-regulated downstream of VEGF 

receptor 2 (VEGFR2) activation. Dll4 binds to Notch and activates Notch signaling in the 

neighboring cell. Importantly, the activation of Notch signaling reduces the expression of 

VEGFR2 expression, while a low Notch signaling allows for high expression of VEGFR2. 

Consequently, differential Notch activity define tip (low Notch) and stalk (high Notch) 

cells (Figure 13). Similarly to tip/stalk cells, recent work in breast cancer cells [70] and in 

salivary adenoid cystic carcinoma [71] showed that leader cells have low Notch signaling, 

while follower cells have high Notch signaling. In combination with our work, this data 

suggests that low Notch signaling would favor invadopodia function. Contradicting these 

hypothesis, it has been shown that Notch present at the surface of macrophages (low Notch) 

binds to Dll expressed by breast cancer cells (high Notch) and induce invadopodia 

formation [72]. In summary, it appears important to investigate the role of the Notch 

signaling pathway on the leader vs. follower specification, potentially via its link with 

invadopodia function.  
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Figure 13. VEGF and Notch in Tip and Stalk Cell Selection 
VEGF binds to VEGFR2, expressed by endothelial cells. Under VEGF stimulation, Dll4 
expression is up-regulated in the tip cells. In turn, Dll4 ligand activates Notch signaling in 
the stalk, consequently suppressing the tip cell phenotype. Notch signaling activation 
reduces VEGFR2 expression. In contrast, the tip cell receives low Notch signaling, 
allowing high expression of VEGFR2. Adapted from [69]. 
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 Leader-Follower Switching 

We showed that leader cells reside in the G1 phase of the cell cycle and that while 

a leader cell is progressing through the rest of the cell cycle, forward invasion is maintained 

via a leader-follower turnover (Figure 12 and Figure 14) [43]. Consequently, the new leader 

cell in G1 moves forward while the follower cell in S/G2/M retreats back inside the strand, 

towards the spheroid. Interestingly, a similar leader-follower exchange has been described 

in the context of intracellular energy [67]. In this work, invasion was identified as 

metabolically demanding and accordingly, upon depletion of the available energy in the 

leader cell, a more energetic follower cell takes over the leader position. 

The existence of a leader-follower exchange implies that, for the switch to occur, a 

leading-capable cell needs to be close to the leader cell. This assumption raises questions: 

(1) how close does the leading-capable cell need to be? (2) what happens if no cell takes 

over the leading position? (3) is the exchange triggered by a/some cue(s)? Answering to 

these questions not only requires further experimental work, but also highlights the 

limitations that a particular experimental model would pose. For example, from one cell 

line to another, or even for a given cell line, invasive strands can vary from one to multiple 

cells across its width, affecting the proximity between the leader cell and a potential leading 

capable cell. It is also known that breast cancer cell lines display various level of cell-cell 

contacts during invasion, influencing the level of intracellular communications. Finally, 

cell lines may be more or less heterogeneous, which could tune the frequency of the cell 

exchanges. 

Regarding the question: what happens if no cell takes over the leading position?  

we found that, if leader cells were followed by a cell in the S/G2/M phases of the cell cycle, 
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leader cells progressed through the cell cycle and divided in position (Figure 14). The 

invasion of the group was paused until the leader cell divided and a daughter cell resumed 

invasion. Similar observations of leader cells dividing in place was previously described 

for ‘tip’ cells in the context of angiogenic sprouting [73]. Interestingly, in this case, 

asymmetric division of the tip cell generates daughter cells of distinct size. As a result, the 

VEGFR signaling in each daughter cell is different, leading them to self-organize as tip 

and stalk cell. Whether division of leader cells during collective invasion of cancer  cells 

is symmetric or asymmetric remains to be determined. One simple way to test this would 

be to first assess the size of the two daughter cells.   
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Figure 14. Leader-follower switching 
Representative images from time lapse recordings show leader-follower switching (top 
panels, adapted from [43] with permission) or leader cell diving in position (bottom panels) 
and the corresponding invasion distance (right panels). L: leader (white arrowheads); F: 
follower (magenta arrowheads). 

 
 

  



48 

 Cancer Cells Cooperate to Metastasize 

Our study suggests that cooperativity between cancer clones may be an efficient 

mechanism for collective metastasis. Specifically, we demonstrate that invadopodia enable 

cooperative metastasis and allow non-invasive cells to metastasize. To our knowledge, our 

work constitutes the first evidence for cooperative metastasis, which may be more 

detrimental than metastasis of single cells. We propose that targeting invadopodia could be 

a potent strategy to inhibit metastasis of both individually [9], [22], as well as collectively 

invading cells. 
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CHAPTER 4: WORKING MODEL OF CANCER INVASION IN PRIMARY TUMORS 

In chapters 2 and 3 we have detailed our work on the cooperativity between breast 

cancer cells and illustrated how our results contribute to the field of collective invasion. 

Invasive breast cancer is characterized by the presence of cancer cells in the stromal tissue 

that surrounds the mammary gland. At this stage, cancer cells can come in contact with a 

variety of host cells and extracellular matrix components that collectively create the tumor 

microenvironment [74]. Therefore, in addition to cooperation, cancer cells also interact 

with a variety of host cells. It is now evident that these heterotypic interactions are 

profoundly shaping cancer invasion and metastasis. We have worked on few projects 

related to the invasion of breast cancer cells in the tumor microenvironment context, and 

opened new hypotheses for future work in the laboratory. 

Although adipocytes are the most abundant host cells in the breast tissue [75], little 

is known about the cancer cell-adipocyte interactions. So far, most studies have focused on 

paracrine interactions, but the potential roles of a physical interaction between the two cell 

types on cancer cell invasion have been overlooked. This oversight is mostly due to the 

lack of 3D coculture models that enable physical contact between the two cell types and 

that are suitable for monitoring cancer invasion in real-time. We conducted a pilot study 

and developed a 3D cancer cell-adipocyte co-culture system compatible with time-lapse 

microscopy. As our initial findings were published soon after [76], we decided to stop the 

project. For the future potential of studying direct cancer-adipocyte interactions in 3D, our 

technique is detailed in the appendix C. 

During invasion, cancer cells can degrade the ECM through the proteolytic activity 

of invadopodia and release some ECM protein fragments [77], [78]. Interestingly, some of 
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these fragments are biologically active [79]. In primary tumors, we showed that the 

proteolytic activity of cancer cells is the most elevated near blood vessels [9], where 

laminin is abundant [80]. Horejs et al. identified a biologically active fragment of the 

laminin β1 chain, released upon MMP2 cleavage and down-regulating MMP2 in 

embryonic stem cells [81]. Interestingly, despite the known proteolytic activity of 

invadopodia, little is known on the ECM fragments released by invadopodia, and their 

potential feedback. We performed some preliminary experiments suggesting that the 

laminin β1 fragment provides a negative feedback for ECM degradation in cancer cells 

(Appendix D). This project stalled because our collaboration with Dr. Horejs stopped and 

we failed purifying proteins/fragments at an efficient yield for experiments to be 

performed. 

Based on our results so far and the published literature, we propose the following 

hypothetic working model of cancer invasion in primary tumors (Figure 15): as a local 

tumor grows in the breast, cancer cells present at the invasive front contact adipocytes [82], 

prompting them to extend protrusions and to migrate [76]. The tumor invasive front is also 

characterized by the presence of aligned collagen fibers that are perpendicular to the 

vasculature [83]. These fibers guide the migration of cancer cells towards blood vessels 

[7], [9]. Once positioned near blood vessels, cancer cells switch from guided migration to 

degradation of the ECM using invadopodia [9]. This phenotypic switch may be caused by 

the release of PGE2 from the blood stream or from pericytes, endothelial cells and 

perivascular macrophages [84]. Then, cleavage of the endothelial BM by invadopodia 

might release the laminin β1–LN–LE1-4 fragment that provides a negative feedback for 

ECM degradation in cancer cells. This fragment could also signal cancer cells that the 
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endothelial BM is breached and that intravasation can occur. Since invadopodia-mediated 

ECM degradation is required for the intravasation of breast cancer cells and further 

metastasis [9], we propose to test the laminin β1–LN–LE1-4 fragment as a potential drug 

to prevent metastasis. Indeed, following injection into the blood stream, this relatively 

small, 60 kDa fragment [81] could be delivered to the primary tumor [7]. Based on our 

pilot data, we speculate that this fragment might be able to inhibit ECM degradation by 

cancer cells, and therefore prevent intravasation and metastasis.  

We contributed to the field of intravital microscopy as well by publishing a book 

chapter on the tumor cell motility in the tumor microenvironment context [85]; and by 

writing a review on the frontiers in intravital multiphoton microscopy of cancer [86]. We 

believe that new microscopy techniques and image analysis tools will enable researchers 

to better understand the dynamic mechanisms regulating cancer invasion and metastasis in 

the tumor microenvironment context. 

 

As a final conclusion, our exciting observations support the importance of 

analyzing the tumor microenvironment complexity. We also believe that a precise 

dissection of cancer cell behaviors, including cooperativity and matrix degradation, is 

required so that we can predict their emergence in the tumor microenvironment context, 

and how they relate to metastasis. Our discoveries are opening the door for multiple 

projects to be carried on in the field, and may help in identifying new targets for preventing 

metastasis.  
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Figure 15. The β1–LN–LE1-4 fragment provides a negative feedback on invadopodia. 
In the perivascular niche, in response to chemical signals like EGF [72] and PGE2 [87] 
cancer assemble invadopodia [9]. This activity may release the laminin β1–LN–LE1-4 
fragment that provides a negative feedback for invadopodia. Finally, this fragment could 
also inform cells on the extent of ECM degradation and signal them to intravasate. 
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APPENDIX A: MATERIALS AND METHODS FOR CHAPTER 2 

All macros and codes developed are available online:  

https://tuprd-
my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQB
bRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj 

 

Ethics statement  

All experiments on mice (Mus musculus) were conducted in accordance with the NIH 

regulations and approved by the Temple University IACUC protocol number 4766.  

 

Fabrication of the spheroid imaging devices (SIDs) 

Spheroid imaging devices (SIDs) were fabricated as previously described [50]. Briefly, 

SIDs were made by bounding poly(dimethylsiloxane) (PDMS) rings to glass bottom dishes 

(MatTek Corporation). Each PDMS ring measures 17.5 mm in diameter and contains three 

5.5 mm-diameter holes. 

 

Gelatin coating of 6-well plates for cell culture 

6-well plates were coated with gelatin as previously described [88]. Briefly, each well was 

coated with a 2.5% gelatin solution for 10 min followed by treatment with 0.5% 

glutaraldehyde (Sigma-Aldrich) for 10 min, on ice, and an extra 30 min at room 

temperature. Plates were sterilized by 70% ethanol and then 50 U/mL penicillin - 50 µg/mL 

streptomycin treatment. 

 

Plasmids 

https://tuprd-my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQBbRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj
https://tuprd-my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQBbRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj
https://tuprd-my.sharepoint.com/:f:/g/personal/tug55262_temple_edu/EmcB9M7gClxPs0xltWquenQBbRXIIP8YbxoyOO_uCHMl1w?e=T1ScEj
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pmScarlet-C1 was a gift from Dorus Gadella (Addgene plasmid # 85042). pEGFP-puro 

was a gift from Michael McVoy (Addgene plasmid # 45561). 

 

Cell culture 

The isogenic murine breast cancer cell lines 4T1 and 67NR were a gift from Fred R. Miller 

at the Karmanos Cancer Center. The human breast cancer cell line MDA-MB-231 (HTB-

26) was obtained from the American Type Culture Collection. The MDA-MB-231-

Dendra2-Tks5 KD cell line was described previously [9]. All cells were cultured in 

Dulbecco’s modified eagle medium [4.5 g/L D-glucose, L-glutamine] (DMEM, Gibco), 

supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 50 U/mL 

penicillin - 50 µg/mL streptomycin (Gibco). Cell cultures were maintained at 37 °C and 

5% CO2 for a maximum of 60 days. 

The 4T1-mScarlet and 67NR-GFP cell lines were generated by transfection using a 1:4 

ratio of plasmid DNA:FugeneHD reagent (Promega), according to the manufacturer’s 

instructions, followed by selection with 500 µg/mL geneticin (Fisher BioReagents) and 3 

µg/mL puromycin (MP Biomedicals), respectively. The MDA-MB-231-mScarlet cell line 

was generated by electroporation (Lonza) of the pmScarlet-C1 plasmid, according to the 

manufacturer’s instructions, and selection with 500 µg/ml geneticin. After two weeks of 

drug selection, cells were sorted (BD FACSAriaIIµ, BD Biosciences) with a gating strategy 

to obtain a high expression level of the fluorescent protein mScarlet or Dendra2.  

4T1-mScarlet-mTks5 KD, 4T1-shCTL and MDA-MB-231-mScarlet-shCTL cell lines 

were generated by lentiviral transduction (see “Lentivirus transduction” section).  
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Lentivirus transduction 

The Tks5 knockdown cell line (KD) and the knockdown control cell line (CTL) were 

generated by transduction of the 4T1-mScarlet and the 4T1/MDA-MB-231-mScarlet cell 

lines, respectively, with lentiviral particles (3 viral particles/cell) containing shRNA 

targeting mTks5 (KD) or non-targeting shRNA (CTL) in the pLKO.1-puro vector 

(MISSION library, Sigma-Aldrich), and selection with 2 µg/mL puromycin 3 days after 

infection. 

 

2D proliferation assay and analysis 

Crystal violet staining was used to assess the effect of mitomycin C on the proliferation of 

the 4T1 cell line. Briefly, 4T1 cells were seeded in a 6-well plate and the next day, the 

culture medium was replaced with culture medium containing 0.5 µg/mL Mitomycin C 

(resuspended in DMSO, Cayman Chemical). After 2 days, cells were washed with cold 

PBS, fixed with ice-cold 100% methanol for 10 min and stained with 0.5% crystal violet 

solution in 25% methanol for 10 min at room temperature. Excess dye was removed by 

several washes with tap water and the plate was air dried overnight at room temperature. 

The dye was solubilized using 100% methanol for 20 min and the optical density was read 

on a plate reader at 570 nm. The optical density at 570 nm for mitomycin C-treated cells 

was reported to the optical density at 570 nm for DMSO-treated cells.  

 

2D gelatin degradation assay and immunofluorescence labeling 

Gelatin was fluorescently labeled and 35 mm glass bottom dishes (MatTek Corporation) 

were coated with fluorescently labeled gelatin as previously described [45]. 400,000 
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(4T1/67NR) or 300,000 (MDA-MB-231) cells were plated per dish and cells were fixed 18 

h later with 4% paraformaldehyde (Alfa Aesar) for 10 min, permeabilized with 0.1% Triton 

X-100 (Calbiochem) for 5 min, blocked with 1% FBS/1% BSA (Sigma-Aldrich) in PBS 

(Gibco) for 3 h, incubated with anti Tks5 antibody (Millipore, MABT336) for 2 h then with 

secondary antibody and Alexa Fluor 633 Phalloidin (Invitrogen) for 1 h. 

 

Image acquisition and quantification of the gelatin degradation assay 

Samples were imaged on a laser scanning confocal microscope (FV1200, Olympus) using 

a 60X objective (UPLSAPO60XS | 1.35 NA, Olympus). Stacks were collected at 1 µm z-

step. To quantify matrix degradation, images were processed using a custom macro in Fiji 

(Appendix I). Briefly, slices from the stack were z-projected using the Max Intensity 

method, followed by thresholding of the signal in the gelatin channel, using the Automatic 

Threshold algorithm, and measuring the area of degradation spots using the Particle 

Analysis tool. To account for the differences in the cell density across fields of view, the 

total area of degradation in a field of view was divided by the total number of cell present 

in this field of view. Cells were counted using the F-actin staining. 

 

Scratch assay 

6-well plates were coated with 50 µg/ml poly-L-lysine (Sigma-Aldrich) for 20 min and air-

dried. Cells were plated and grown to confluency before a 10 µl pipet tip was used to create 

a cross-shaped wound across the monolayer. Samples were imaged on a widefield 

microscope (IX-81, Olympus) equipped with an LED lamp (Excelitas Technologies), an 

Orca 16-bit charge-coupled device camera (Hamamatsu), an automated z-drift 
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compensation IX3-ZDC (Olympus), an automated stage (Prior Scientific), an 

environmental chamber (Live Cell Instrument) and using a 10X objective (MPlanFL N 

10X | 0.3 NA, Olympus). Cell motility was recorded at a 10 min interval over 48 hours. 

Manual cell tracking was performed using the TrackMate plugin through Fiji [89]. The 

track number, the spot coordinates and the frame number were exported. Computation of 

the velocity and persistence were done using a custom made Matlab code (Appendix I). 

 

Generation of gelatin islands and 2D cell-ECM competition assay 

To generate gelatin islands, we utilized the PDMS rings described previously (see 

“Fabrication of the spheroid imaging devices (SIDs)” section). Briefly, 35 mm glass 

bottom dishes (MatTek Corporation) were coated with 50 µg/ml poly-L-lysine (Sigma-

Aldrich) for 20 min and air-dried. Then, PDMS rings were gently placed on top of the glass 

and sealed by gently pressing down. Next, each 5.5 mm-diameter hole was coated with 

fluorescently labeled gelatin as previously described [45] (see “2D gelatin degradation 

assay and fluorescence labeling” section). 4T1-mScarlet and 67NR-GFP cells were plated 

in each hole at a 1 to 1 ratio. Cells were allowed to adhere for 1 h, after which the PDMS 

inserts were gently peeled off the glass and medium was added to the dishes. Finally, cells 

were fixed 24 h later with 4% paraformaldehyde (Alfa Aesar) for 10 min. 

 

Image acquisition and quantification of the 2D cell-ECM competition assay and 2D cell 

sorting 

Samples were imaged on a widefield microscope (Eclipse Ti2-E, Nikon) equipped with a 

pco.panda sCMOS camera (PCO) and using a 10X objective (CFI Plan Fluor 10X | 0.3 
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NA, Nikon). Large 6x6 tiles were acquired to cover a gelatin island. Live cells were imaged 

every 10 min and using an environmental chamber (Tokai Hit). To quantify the 2D cell-

ECM competition assay we counted the number of 4T1 and 67NR cells that migrated off 

the gelatin islands. To quantify cell sorting in 2D we only utilized regions coated with 

gelatin and we counted the number of homotypic neighbors. 

 

Image acquisition and quantification of the cell-ECM contact angle 

Measurement of the contact angle was performed as previously described [52]. Briefly, 35 

mm glass bottom dishes (MatTek Corporation) were coated with fluorescently labeled 

gelatin as previously described [45] or with 50 µg/ml poly-L-lysine (Sigma-Aldrich) for 

20 min and let to air dry. Cells were let to adhere for 5 h before imaging. Single cells were 

screened for an absence of interaction with nearby cells and were imaged on a laser 

scanning confocal microscope (FV1200, Olympus) using a 60X objective 

(UPLSAPO60XS | 1.35 NA, Olympus) equipped with an environmental chamber (In Vivo 

Scientific) and with a 1 µm z-step. Using Orthogonal Views, we measured the angle 

between the ECM and the main body of the cell: the contact angle. 

 

3D spheroid invasion assay 

For 4T1 and 67NR cell lines, 3D spheroids were generated by the hanging drop method. 

3,000 cells per 40 µl drop containing 4.8 mg/mL methylcellulose (Sigma-Aldrich), 20 

µg/mL Nutragen (Advanced Biomatrix), were placed on the lid of tissue culture dishes. 

The lids were carefully turned and placed on the bottom reservoir of the dishes filled with 

PBS to prevent evaporation. Alternatively, for MDA-MB-231 cell lines, 3D spheroids were 
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generated in a 96-well V-bottom dish coated with 0.5% poly(2-hydroxyethyl methacrylate) 

(Sigma-Aldrich) in ethanol. Then, 5,000 cells in 50 µl of medium were distributed to each 

well and the plate was centrifuged for 20 min at 1,000 x g and at 4°C. Finally, 50 µl of 

Matrigel (Corning) was added to each well at a final concentration of 2.5%. The spheroids 

formed over 3 days at 37 °C and 5% CO2. The fully formed spheroids were embedded in 

30 µl of 5 mg/mL rat tail Collagen I (Corning, alternate gelation protocol) and distributed 

to the SIDs. Collagen I was polymerized at 37 oC for 30 min and then culture medium was 

added to the dishes. For drug treatments, cell culture medium containing 25 µM GM6001 

(resuspended in DMSO, Cayman Chemical), 10 µM Y-27632 (resuspended in DMSO, 

Cayman Chemical) or 0.1% DMSO control was used.  

For the condition in which 4T1-mScarlet cells surround the 67NR-GFP spheroids, 4T1-

mScarlet cells were added to the collagen mix containing the 67NR-GFP spheroids at 10^6 

cells/mL before polymerization of the collagen. 

For the condition in which conditioned medium was used, 4T1-mScarlet cells were seeded 

onto a gelatin-coated 6-well plate, at 2x106 cells/well. 2 mL of complete DMEM were used 

per well and the embedded 67NR-GFP spheroids were cultured, from day 0, using the 

conditioned medium from the 4T1-mScarlet cells plated onto gelatin. Every two days, the 

conditioned medium was replaced. 

Collagen was labeled as previously described [90], using 2 µg/ml of 405 succinimidyl ester 

(Biotium). 

 

Immunofluorescence labeling of spheroids 
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Immunofluorescence labeling was performed as previously described [50]. Briefly, the 

embedded spheroids were simultaneously fixed and permeabilized in 4% 

paraformaldehyde and 0.5% Triton X-100 in PBS for 5 min, further fixed in 4% 

paraformaldehyde in PBS for 20 min and blocked in 1% FBS/1% BSA in PBS at 4 oC for 

24 h on a shaker. The embedded spheroids were then incubated with the anti-collagen I ¾ 

(immunoGlobe, 0207-050), anti E-cadherin (Invitrogen, 13-1900), anti N-cadherin (BD 

Transduction Laboratories, 610920) and anti Tks5 (Millipore, MABT336) overnight at 4 

oC and with secondary antibodies and Alexa Fluor 633 Phalloidin (Invitrogen) for 1 h at 

room temperature on a shaker. 

 

Image acquisition, processing and analysis of fixed spheroids 

To quantify the total spheroid area, the DAPI-labeled spheroids were imaged on a laser 

scanning confocal microscope (FV1200, Olympus) using a 10X objective (UPLXAPO10X 

| 0.4 NA, Olympus) and with a 5 µm z-step. The images were processed using a custom 

macro in Fiji (Appendix I). Briefly, slices were z-projected using the Max Intensity method 

and the nuclei were selected using the Automatic Threshold algorithm from Fiji. Then, the 

Particle Analysis tool was used to measure the total area of nuclei. 

To quantify the E-cadherin signal, the immunolabeled spheroids were imaged on a laser 

scanning confocal microscope (FV1200, Olympus) using a 10X objective (UPLXAPO10X 

| 0.4 NA, Olympus) or a 30X objective (UPLSAPO30XSIR | 1.05 NA, Olympus) and with 

a 3 µm z-step. The images were processed manually in Fiji. Briefly, slices of interest were 

z-projected using the Max Intensity method and strands or single cells were identified. For 

the relative junction/cytosol ratio: a 10 µm-long line was drawn across and centered at the 
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junction between two cells within a strand. The gray value along the line was measured for 

the E-cadherin and F-actin channel using the Plot Profile tool. The gray value at 0 and 5 

µm were defined as the “cytosol” and “junction” signal, respectively. Since it was reported 

that leader cells can exhibit a more mesenchymal-like phenotype than follower cells [91], 

we distinguished leader cell-follower cell (L-F) junctions from follower cell-follower cell 

(F-F) junctions. 

To quantify cell sorting, endogenously labeled spheroids were imaged on a laser scanning 

confocal microscope (FV1200, Olympus) using a 10X objective (UPLXAPO10X | 0.4 NA, 

Olympus) and with a 5 µm z-step. The images were processed using a custom macro in 

Fiji (Appendix I). Since maximum projection of the z-slices introduces artefacts in the 

positions of cells, regarding the spheroid edge vs. core compartments, we utilized the 

median slice of the z-stack only. Briefly, the median slice was extracted from the z-stack 

and the spheroid core was selected in the brightfield channel using the Automatic Threshold 

algorithm from Fiji. Then, using the Fit Ellipse and Centroid options in Measurements, the 

coordinates of the spheroid core center and the major axis of the spheroid core were 

extracted. Finally, the Multi-point tool was used to record the coordinates of GFP+ and 

mScarlet+ cells. Cell sorting was quantified as the distance from the spheroid center to the 

cell (d in Fig. 2C) over the semi major axis of the spheroid (a in Fig. 2C). Alternatively, 

for mixed spheroids that contained non-labeled cells, like 4T1-shCTL (Fig. 5) or 4T1 cells 

(fig. S7), DAPI staining was used to measure the cells coordinate.  

 

Live imaging of spheroids and image processing 
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To observe cell sorting in spheroids imaged daily, endogenously labeled spheroids were 

imaged on a laser scanning confocal microscope (FV1200, Olympus) using a 10X objective 

(UPLXAPO10X | 0.4 NA, Olympus) equipped with an environmental chamber (Live Cell 

instrument) and with a 15 µm z-step. To quantify cell sorting, the images were processed 

as described in the section “Image acquisition, processing and analysis of fixed spheroids”. 

To observe cell motility in spheroids, time-lapse imaging was performed on a laser 

scanning confocal microscope (Olympus FV1200) using a 10X objective (UPLXAPO10X 

| 0.4 NA, Olympus) equipped with an environmental chamber (Live Cell instrument) and 

an automated stage (Prior Scientific). Invasion was recorded at 10- or 20-min intervals over 

44 hours, with a 15 µm z-step. The images were processed in Fiji. Since visualization of 

cells in the spheroid internal compartment is limited for the deepest slices, and since cells 

visualized in the shallowest slices are at the spheroid interface compartment, only in-

between slices, where both cells in the internal compartment and at the interface 

compartment of the spheroid are visible, were used for tracking. Cell tracking was 

performed using the TrackMate plugin through Fiji [89]. Spot detection was done using 

the LoG detector with median filtering and subpixel localization. Then, the linear motion 

LAP tracker was used to link spots. Tracks were filtered based on the number of spots in 

the track with a ≥ 5 spots/track cutoff. Tracks were visually validated and corrected if 

needed, using the TrackScheme tool. Finally, gaps in tracks were closed by introducing 

new spots. The new spots position was calculated using linear interpolation. The track 

number, the spot coordinates and the frame number were exported. Computation of the 

distance index was done using a custom made Matlab code. 
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Western blot assay 

Cells grown to 80% confluency were harvested in ice-cold RIPA lysis buffer (Teknova), 

supplemented with protease inhibitors (complete cocktail, Roche) and phosphatase 

inhibitors (Halt cocktail, Sigma-Aldrich). SDS-PAGE was performed with 20 µg protein 

per sample, transferred to a polyvinylidene difluoride membrane (Immobilon), blocked 

with 5% BSA/TBST for 3 h at room temperature and incubated with anti-β-actin (Santa 

Cruz Biotechnology, sc-47778), anti-cortactin (Abcam, ab33333), anti-E-cadherin (BD 

Transduction Laboratories, 610181), anti-FAK (Santa Cruz Biotechnology, sc-271126), 

anti-N-cadherin (BD Transduction Laboratories, 610920) and anti-Tks5 (Millipore, 

MABT336) antibodies diluted in 5% BSA/TBST overnight at 4 oC. The membranes were 

then incubated with HRP conjugated anti-mouse or anti-rabbit IgG (Cell Signaling 

Technologies) antibodies diluted in 5% non-fat milk/TBST for 1 h at room temperature 

and proteins were visualized using chemiluminescence detection reagents (WesternBright, 

Advansta) and blot scanner (C-DiGit, LI-COR). 

 

Lung clonogenic assay 

The lung clonogenic assay was performed as previously described [92]. Briefly, 200,000 

cells were suspended in 100 µl of 20% collagen I in PBS and injected orthotopically into 

the mammary fat pad of 7-week old female Balb/cJ mice. After 14–20 days, when the 

tumor diameter reached 8–12 mm, the animals were sacrificed and the lungs harvested. 

The lungs were minced, digested in a collagenase type IV/elastase cocktail (Worthington 

Biochemical) and filtered through a 70 µm mesh. Then, the cell suspension from each lung 

was split into 2 tissue culture plates and incubated with a combination of 6-thioguanine 
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(Cayman Chemicals) and puromycin, for growth of 4T1-shControl or 4T1-mScarlet-

mTks5 KD cells; or with a combination of 6-thioguanine, puromycin and geneticin for 

growth of 4T1-mScarlet-mTks5 KD cells only. After 14 days at 37 °C and 5% CO2, the 

colonies were stained using 0.03% (w/v) methylene blue (Sigma-Aldrich) and counted. 

  

Statistical analyses 

The RStudio software was used to perform all statistical analyses (Appendix I). The 

distribution of each data set was analyzed, and the Shapiro-Wilk test was performed to test 

for normality. For normally distributed data sets, the F test was performed to compare the 

variances of two data sets. Based on the results from the F test, a Welch two sample t-test 

or a two sample t-test was done to compare the means of the two data sets. For non-

normally distributed data sets a Wilcoxon rank sum test was performed to compare the two 

data sets. Unless stated otherwise, all tests were performed using unpaired and two-sided 

criteria. Statistical significance was defined as *p<0.05, **p<0.01, and ***p<0.001. 

Additional information on the metrics and statistics can be found in the Table S1. 
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APPENDIX B: SUPPLEMENTARY MATERIALS FOR CHAPTER 2 

 
 
Fig. S1. Validation of the mitomycin C concentration on the proliferation of 4T1 cells. (A) 
Visualization of crystal violet staining of 4T1 cells after 2 days of treatment with DMSO 
(top wells) or mitomycin C (Mito C, bottom wells). 3 independent experiments were 
conducted. (B) Quantification of the optical density measured at 570 nm (OD 570 nm), 
which results from solubilized crystal violet in 4T1 cells from (A). P=2.536e-12 was 
obtained by the t-test. Data are represented as boxplots with median (line), 25th/75th 
percentiles (boxes) and maximum/minimum (whiskers). Statistical significance was 
defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information on the metrics and 
statistics can be found in the Table S1. 
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Fig. S3. Determination of the appropriate ratio for mixed spheroids composed of 4T1 and 
67NR cells, and individual observations of cell sorting in mixed spheroids.  
(A) Representative micrographs (median slice) of 4T1-mScarlet:67NR-GFP mixed 
spheroid grown in a 3D collagen I matrix for 4 days. Mixed spheroids were made with 
varying ratios of 4T1-mScarlet (magenta) to 67NR-GFP (green) cells, as indicated. Scale 
bars: 100 µm. (B) Quantification of the percent area occupied by 4T1-mScarlet (4T1-
mScar, magenta bars) and 67NR-GFP (green bars) cells in the mixed spheroids from (A). 
Data are represented as a stacked bar graph with the mean and standard error. (C) 
Micrographs (median slice) of all mixed spheroids used in Fig. 2B and 2D. Scale bars: 100 
µm. (D) Quantification of the distance index (DI) for 4T1-mScarlet (4T1-mScar, magenta 
boxes) and 67NR-GFP (green boxes) cells from the spheroid 1 in the experiment 1 from 
(C). Data are represented as boxplots with median (line), 25th/75th percentiles (boxes) and 
maximum/minimum (whiskers). (E) Representative micrographs (maximum projection) of 
a mixed spheroid, with a 1 to 50 ratio of 4T1-mScarlet (magenta) to 67NR-GFP (green) 
cells, grown in a 3D collagen I matrix and imaged daily. This spheroid corresponds to Fig. 
2A. Day 1 indicate day 1 post embedding. Scale bar: 100 µm. 
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Fig. S4. Compartment switching and spheroid growth.  
(A) Quantification of the percentage of cells that changed compartments (from edge to core 
or vice versa) for 4T1-mScarlet (4T1-mScar, magenta boxes) and 67NR-GFP (green 
boxes) cells from Fig. 2H. (B) Quantification of the percentage of spheroid growth over 
the course of 4 days from Fig. 2A and Fig. 2E. Spheroids were treated from day 0 with a 
pan-MMP inhibitor (GM6001) or DMSO control. P=0.1094 was obtained by the two-
sample t-test. (C) Quantification of the spheroid area at day 3 post embedding in a 3D 
collagen I or agarose matrix, from Fig. 2A and Fig. 3A. P=0.4669 was obtained by the 
Welch two-sample t-test.  All data are represented as boxplots with median (line), 25th/75th 
percentiles (boxes) and maximum/minimum (whiskers). Statistical significance was 
defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information on the metrics and 
statistics can be found in the Table S1.  
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Fig. S5. On 2D gelatin, 4T1 and 67NR cells do not sort.  
(A) Western blot analysis of FAK expression level in 4T1-mScarlet (4T1-mScar) and 
67NR-GFP cells. β-actin is used as a loading control. (B) Representative micrographs of 
cells at 0 h (left panel) and 24 h (right panel) post plating. 4T1-mScarlet (4T1, magenta) 
and 67NR-GFP (67NR, green) cells were plated on gelatin at a 1:1 ratio. Scale bar: 50 µm. 
(C) Quantification of the percentage of homotypic contacts from (B). P=0.2356 was 
obtained by the Welch two-sample t-test. All data are represented as boxplots with median 
(line), 25th/75th percentiles (boxes) and maximum/minimum (whiskers). Statistical 
significance was defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information 
on the metrics and statistics can be found in the Table S1.  



80 

 

Fig. S6. Proximity between 4T1 and 67NR cells is required for their cooperative invasion.  
(A) Representative micrographs (maximum projection) of mixed 4T1-mScarlet and 67NR-
GFP spheroids (M) or spheroids of 67NR-GFP cells with 4T1-mScarlet cells added in the 
collagen (A). Mixed spheroids were made at a 1 to 50 ratio of 4T1-mScarlet to 67NR-GFP 
cells. Spheroids were grown in a 3D collagen I matrix for 6 days. Spheroids were treated 
from day 0 with a pan-MMP inhibitor (GM6001, right panels) or DMSO control (left 
panels). Scale bars: 100 µm. (B) Quantification of the number of strands containing 67NR 
cells (67NR+) per spheroid from (A). The red empty symbols indicate zero values. 
P=0.6704 was obtained by the t-test and P=8.9e-06 was obtained by the Wilcoxon rank 
sum test. (C) Representative micrographs (maximum projection) of 67NR-GFP spheroids 
treated with regular medium (R) or conditioned medium (CM) from 4T1-mScarlet cells 
grown on gelatin. Nuclei (DAPI, cyan) and F-actin (phalloidin, white) were stained. Scale 
bars: 100 µm. (D) Quantification of the number of strands containing 67NR cells (67NR+) 
per spheroid from (C). P=0.218 was obtained by the Wilcoxon rank sum test. (E) 
Representative micrographs (single focal plane) of a strand from a mixed 4T1-mScarlet 
and 67NR-GFP spheroids. Collagen (white) was labeled. Scale bar: 50 µm. All data are 
represented as boxplots with median (line), 25th/75th percentiles (boxes) and 
maximum/minimum (whiskers). Statistical significance was defined as *p<0.05, **p<0.01 
and ***p<0.001. Additional information on the metrics and statistics can be found in the 
Table S1. 
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Fig. S7. 4T1 and 67NR cells do no engage in heterotypic E/N-cadherin interactions. 
(A) Representative micrographs of 4T1-mScarlet and 67NR-GFP cells in 
2D, immunolabeled for E/N-cadherin (yellow/cyan). The insets show a 2X zoom-in of the 
boxed areas 1-3. Scale bar: 20 µm. (B) Relative E/N-cadherin (solid/dashed line) signals 
along the lines in the insets 1-3 from (A). (C) Quantification of the junction over cytosol 
E/N-cadherin signal for homotypic and heterotypic junctions from (B). P=0.6262, <2.2e-
16 and 4.00e-14 were obtained by the Wilcoxon rank sum test. All data are represented as 
boxplots with median (line), 25th/75th percentiles (boxes) and maximum/minimum 
(whiskers). Statistical significance was defined as *p<0.05, **p<0.01 and ***p<0.001. 
Additional information on the metrics and statistics can be found in the Table S1. 
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Fig. S8. In the MDA-MB-231 human breast cancer cell line, invadopodia are also required 
for cooperative invasion.  
(A) Western blot analysis of Tks5 and cortactin expression levels in MDA-MB-231-
mScarlet-shCTL (Scar-CTL) and MDA-MB-231-Dendra2-hTks5 KD (D2-KD) cells. β-
actin is used as a loading control. (B) Representative micrographs of gelatin degradation 
for MDA-MB-231-mScarlet-shCTL (Scar-CTL, top panel) and MDA-MB-231-Dendra2-
hTks5 KD (D2-KD, bottom panel) cells 18 h after plating. The insets show a 2X zoom-in 
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of the boxed area and arrowheads indicate representative degradation holes. Scale bars: 20 
µm. (C) Quantification of the degradation area per cell for MDA-MB-231-mScarlet-
shCTL (Scar-CTL) and MDA-MB-231-Dendra2-hTks5 KD (D2-KD) cells from (B). 
P<2.2e-16 was obtained by the Wilcoxon rank sum test. (D) Representative micrographs 
(maximum projection) of spheroids made of a single or mixed MDA-MB-231-mScarlet-
shCTL (Scar-CTL) and MDA-MB-231-Dendra2-hTks5 KD (D2-KD) cell line, grown in a 
3D collagen I matrix for 3 days. Mixed spheroids were made at a 1 to 1 ratio. Scale bars: 
100 µm. (E-G) Quantification of the number of strands per spheroid (E), the number of 
strands containing MDA-MB-231-Dendra2-hTks5 KD cells (KD+) per spheroid (F) and 
the percentage of strands led by MDA-MB-231-mScarlet-shCTL (CTL) or MDA-MB-231-
Dendra2-hTks5 KD (KD) cells (G) for single or mixed spheroids from (D). The red empty 
symbols indicate zero values. All data are represented as boxplots with median (line), 
25th/75th percentiles (boxes) and maximum/minimum (whiskers). Statistical significance 
was defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information on the metrics 
and statistics can be found in the Table S1. 
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Fig. S9. Cells with invadopodia do not sort from cells without invadopodia.  
(A) Quantification of the distance index (DI) for 4T1-CTL (white box) and 4T1-KD 
(magenta box) cells from Fig. 5D. P=0.1609 was obtained by the Wilcoxon rank sum test. 
(B) Quantification of the distance index (DI) for 4T1-KD (magenta box) and 67NR-GFP 
(green box) cells from Fig. 5H. P<2.2e-16 was obtained by the Wilcoxon rank sum test. 
(C) Quantification of the percent wound closure for 4T1-CTL (white boxes) and 4T1-KD 
(magenta boxes) cells over time. P=0.9725 was obtained by the Wilcoxon rank sum test, 
0.9774 was obtained by the two sample t-test and 0.9249 was obtained by the Wilcoxon 
rank sum test. (D) Quantification of the contact angle θ between 4T1-CTL (white boxes) 
or 4T1-KD (magenta boxes) cells and poly-L-lysine (PLL) or gelatin, 5 h post plating. 
P=0.05776 was obtained by the Wilcoxon rank sum test and 0.3655 was obtained by the 
two sample t-test. (E) Representative micrographs (median slice) of a mixed spheroid made 
of 4T1-mScarlet and 4T1 cells, grown in a 3D collagen I matrix for 1 day. Mixed spheroids 
were made at a 1 to 1 ratio. Scale bar: 100 µm. (F) Quantification of the distance index 
(DI) for 4T1-mScarlet (magenta box) and 4T1 (white box) cells from (E). P=0.06976 was 
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obtained by the Wilcoxon rank sum test. Data are represented as boxplots with median 
(line), 25th/75th percentiles (boxes) and maximum/minimum (whiskers). Statistical 
significance was defined as *p<0.05, **p<0.01 and ***p<0.001. Additional information 
on the metrics and statistics can be found in the Table S1. 
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APPENDIX C: ADIPOCYTES PROMOTE MORPHOLOGICAL CHANGE OF 

CANCER CELLS THROUGH DIRECT CONTACT 

In human breast tumors, cancer cells located at the invasive front are in close 

proximity to adipocytes [82], and exhibit reduced proliferation [93]. Interestingly, reduced 

proliferation correlates with increased invasion capacities in a number of cancer cell lines 

and tumor models [94]–[100]. We hypothesized that upon physical contact with adipocytes, 

breast cancer cells have increased invasion potentials. So far, the unique 3D coculture 

model of cancer cells and adipocytes is limited to endpoint analysis of cancer cell motility, 

with no control over the chemical vs. physical interactions between cells [101], [102]. To 

address this technological gap, we took advantage of the spheroid formation protocol 

developed for adipocytes [103], and combined it with a custom made imaging device that 

can decouple the physical from the chemical interactions that occur between the two cell 

types. Our results prove the validity of our novel 3D coculture model to study the 

interactions between adipocytes and breast cancer cells. Further, our observations suggest 

that beyond chemical interactions, physical contact between cancer cells and adipocytes is 

of particular interest in the context of cancer invasion. 

 

To determine the contribution of a contact between adipocytes and cancer cells to 

cancer invasion, we took advantage of the spheroid formation protocol developed for 

adipocytes [103], and combined it with a custom-made imaging device that can decouple 

the physical from the chemical interactions that occur between the two cell types (Figure 

16A). First, we confirmed the successful differentiation of human mesenchymal stem cell 

(hMSC) spheroids into adipocyte spheroids. We found that cells accumulated lipid droplets 
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and lost actin stress fibers (Figure 16B). Adipocyte spheroids were then embedded in 5 

mg/mL collagen I containing mScarlet-labeled breast cancer cells. As previously described 

[104], [105], we observed lipid transfer from adipocytes to cancer cells (Figure 16C). 

Altogether, these data validate our novel 3D coculture model to study the interactions 

between adipocytes and breast cancer cells. 

We hypothesized that, in addition to paracrine signaling [104], [105], adipocytes 

can contact cancer cells and influence their invasion behavior. To test this hypothesis, we 

performed time-lapse imaging on 3D cocultures. To enable chemical interactions only, 

cancer cells and adipocytes spheroids were cocultured in distinct compartments (Figure 

16A). To enable physical and chemical interactions, cancer cells and adipocytes spheroids 

were cocultured in the same compartment (Figure 16A). We analyzed the morphology of 

cancer cells. Surprisingly, we found that physical interactions induced changes in the 

morphology of breast cancer cells, which were not observed when the two cell types solely 

interacted chemically (Figure 16D, E). We noticed a cancer cell that extended long 

membrane protrusions inside the adipocyte spheroid (Figure 16D).   

 

Our preliminary results indicate that we developed a novel 3D coculture and 

imaging device that will enable us to analyze the contribution of physical and/or chemical 

interactions between cancer cells and adipocytes. Further, our pilot study confirmed that, 

beyond chemical interactions, physical contact between cancer cells and adipocytes is of 

particular interest in the context of cancer invasion. Similar findings were published while 

we were working on this project [76]. For this reason, the project was halted.   
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Figure 16. Validation of a 3D coculture imaging device to determine the role of adipocyte-
cancer cell interactions in regulating the invasion of breast cancer cells.  
A) Schematic views, top and side, of the designed device. Dimensions are in mm. B) 
Representative images of a human mesenchymal cell (hMSC, top panels) and adipocyte 
(bottom panels) spheroid labeled with the lipid dye BODIPY (green). Nuclei are shown in 
blue and F-actin in magenta. Scale bars: 100 µm. C) Representative images of breast cancer 
cells (magenta) cocultured for 4 days with adipocytes (BODIPY, green). White arrowhead 
indicates lipid uptake. Scale bar: 100 µm. D-E) Images from time-lapse recording of 
physical (D) and chemical (E) interactions between breast cancer cells (magenta) and 
adipocytes (green). Masks of the cancer cell in (D) (white arrowhead) are displayed for 
each timepoint. Scale bars: 100 µm. 
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Materials and Methods 

Device fabrication 

A mold was designed on Solidwork and fabricated by 3D printing. The mold was then used 

to cast poly(dimethylsiloxane) (PDMS) inserts. The device was created by bounding 

PDMS inserts to glass bottom dishes (MatTek Corporation). 

 

Cell culture and transfection 

Human mesenchymal stem cells and the human breast cancer cell line MDA-MB-231 were 

purchased from Lonza and ATCC, respectively. The MDA-MB-231-mScarlet cell line was 

generated by electroporation (Lonza) of the pmScarlet-C1 plasmid, according to the 

manufacturer’s instructions, and selection with 500 µg/ml geneticin. After two weeks of 

drug selection, cells were sorted with a gating strategy to obtain a high expression level of 

the fluorescent protein mScarlet (BD FACSAriaIIµ, BD Biosciences). pmScarlet-C1 was 

a gift from Dorus Gadella (Addgene plasmid # 85042). 

 

Adipocyte spheroids formation and coculture 

To form spheroids, the hanging drop procedure was used as previously described  [103]. 

Briefly, 20 µl drops each containing 5,000 primary human mesenchymal stem cells in 

culture medium were placed on the lid of tissue culture dishes. The lids were carefully 

turned and placed on the bottom reservoir of the dishes filled with phosphate buffered 

saline (PBS, Gibco) to prevent evaporation. The spheroids were allowed to form for 3 days 

at 37°C and 5% CO2. Fully formed spheroids were washed in adipogenic differentiation 

medium and moved to an ultra-low attachment 96-well plate. Spheroids were cultured 
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individually to prevent spheroid fusion. Adipogenic differentiation medium consisted of 

DMEM/F12 1:1 mix [L-glutamine, 15 mM HEPES] supplemented with 3% FBS, 50 U/ml 

penicillin - 50 µg/ml streptomycin, 2 µM rosiglitazone (Cayman Chemical), 17 µM 

pantothenate (Acros Organics), 33 µM biotin (Alfa Aesar), 1 µM dexamethasone (Acros 

Organics), 500 µM isobutylmethylxanthine (Sigma-Aldrich) and 20 nM insulin (Sigma-

Aldrich). Medium was changed every 2-3 days for 14 days.  

Prior to imaging, lipid droplets were labeled using the BODIPY dye. Finally, adipocyte 

spheroids were embedded in 5 mg/mL collagen I with or without mScarlet-labeled cancer 

cells. 

 

Imaging and image analysis 

Samples were imaged on a laser scanning confocal microscope (FV1200, Olympus) using 

a 10X objective (UPLXAPO10X | 0.4 NA, Olympus) equipped with an environmental 

chamber (Live Cell instrument); and with a 15 µm z-step and a 20 min interval. To analyze 

the morphology of cancer cells, images were processed in Fiji. Briefly, slices from the stack 

were z-projected using the Max Intensity method, followed by thresholding of the signal in 

the cancer cells channel, using the Automatic Threshold algorithm. 
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APPENDIX D: A LAMININ Β1 FRAGMENT PROVIDES A NEGATIVE FEEDBACK 

ON INVADOPODIA 

The invasion of cancer cell is affected by the ECM physical properties such as 

topology, crosslinking, stiffness, density, pore size and elasticity [106]. For example, inside 

the primary tumor, cancer cells were shown to move directionally along collagen fibers 

[9]. In turn, it is also clear that cancer cells profoundly remodel the ECM [78], [107]. For 

example, cancer cells can degrade the ECM through the proteolytic activity of invadopodia, 

and release some ECM protein fragments [77], [78]. Interestingly, some of these fragments 

are biologically active [79]. In primary tumors, we showed that the proteolytic activity of 

cancer cells is the most elevated near blood vessels [9], where the collagen IV and laminin 

are abundant [80]. In melanoma, proteolytic cleavage of collagen IV was specifically 

observed in the endothelial BM of tumor blood vessels, in association with MMP2 

expression and with angiogenesis [108]. Laminin is a heterotrimer protein consisting of 

one α, one β and one γ chain; each chain existing in multiple isoforms Since its purification 

from the mouse Engelbreth-Holm-Swarm tumor by Hynda Kleinman, who isolated 

Matrigel, laminin-111 (i.e.  α1, β1 and γ1 chains) has been the most extensively studied 

[109]. For example, a segment of the laminin α1 chain was discovered to enhance the 

metastasis of melanoma cells [110]. This segment was also shown to regulate the 

migration, invasion and proteolytic activity of human oral squamous cell carcinoma [111]. 

Horejs et al. identified a biologically active fragment of the laminin β1 chain, released upon 

MMP2 cleavage and down-regulating MMP2 in embryonic stem cells [81] (Figure 17A). 

Interestingly, in human breast tumors, laminin containing the β1 chain was shown to be 

overexpressed in the endothelial BM [112]. We hypothesized that the invadopodia-
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mediated degradation of the endothelial BM may release the laminin β1–LN–LE1-4  

fragment in the environment. Further, we reasoned that once released, this fragment could 

regulate invadopodia in cancer cells, potentially via MMP2. 

 

To test the effect of the laminin β1–LN–LE1-4 fragment on invadopodia, we 

cultured cells on top of fluorescently labeled gelatin, which allows visualization of the 

degradation holes, and supplied the laminin β1–LN–LE1-4 fragment in soluble or bound 

forms. We found that cells treated with soluble β1–LN–LE1-4 fragment had lower 

degradative capabilities than control cells (Figure 17B). Interestingly, no apparent effect 

was observed when the fragment was bound to the gelatin layer (Figure 17B). We reasoned 

that these effect on gelatin degradation could be due to a change in the number of 

invadopodia. To identify invadopodia precursors, we labeled cells for cortactin and F-actin. 

We found that cells treated with soluble β1–LN–LE1-4 fragment assemble less 

invadopodia than control cells (Figure 17C, D). Further, we observed that cells treated with 

bound β1–LN–LE1-4 fragment assemble invadopodia in similar number to control cells 

(Figure 17C, D). 

 

This project stalled because our collaboration with Dr. Horejs stopped and we failed 

purifying proteins/fragments at an efficient yield for experiments to be performed. From 

our knowledge and these preliminary results we propose that cancer cells entering the 

perivascular niche switch from migration to invadopodia assembly [9]. Then, MMPs cleave 

the endothelial BM releasing the laminin β1–LN–LE1-4 fragment that provides a negative 

feedback for ECM degradation in cancer cells. Finally, this fragment could also signal 
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cancer cells that the endothelial BM is breached and that intravasation can occur (Figure 

15). 

 

Materials and Methods 

Cell culture 

The rat breast cancer cell line MTLn3 was obtained from the American Type Culture 

Collection and cultured in alpha minimal essential media (alpha MEM, Thermo Fisher 

Scientific) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals) and 50 

U/ml penicillin - 50 µg/ml streptomycin (Thermo Fisher Scientific).  

  

2D matrix degradation assay and immunofluorescence labeling 

Gelatin was fluorescently labeled and 35 mm glass bottom dishes (MatTek Corporation) 

were coated with fluorescently labeled gelatin as previously described [45]. In the bound 

condition, the gelatin layer was coated with the β1–LN–LE1-4 fragment at 10 µg/cm2. In 

the soluble condition, the culture media was supplemented with 0.7 µM of the β1–LN–

LE1-4 fragment. The β1–LN–LE1-4 fragment was a gift from Dr. Horejs.  100,000 cells 

were plated per dish and cells were fixed 16 h later with 4% paraformaldehyde (Alfa Aesar) 

for 10 min, permeabilized with 0.1% Triton X-100 (Calbiochem) for 5 min, blocked with 

1% FBS/1% BSA (Sigma-Aldrich) in PBS (Gibco) for 3 h, incubated with the mouse anti-

Cortactin (Abcam, ab33333) antibody for 2 h then with secondary antibody and Alexa 

Fluor 633 Phalloidin (Invitrogen) for 1 h. 

 

Image acquisition and quantification of the gelatin degradation assay 
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Samples were imaged on a laser scanning confocal microscope (FV1200, Olympus) using 

a 60X objective (UPLSAPO60XS | 1.35 NA, Olympus). Stacks were collected at 1 µm z-

step. To quantify matrix degradation, images were processed using a custom macro in Fiji. 

Briefly, slices from the stack were z-projected using the Max Intensity method, followed 

by thresholding of the signal in the gelatin channel, using the Automatic Threshold 

algorithm, and measuring the area of degradation spots using the Particle Analysis tool. 

Invadopodia were defined as colocalization punctae of cortactin and F-actin. Cells were 

counted using the F-actin channel. 
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Figure 17. Soluble β1–LN–LE1-4 fragment inhibits invadopodia-dependent 2D 
degradation in metastatic breast cancer cells. 
(A) MMP-2 processing of the laminin-111 releases a unique fragment from the β1 arm: 
β1–LN–LE1-4, indicated in red. Adapted from [76]. (B) Cells treated with soluble β1–LN–
LE1-4 fragment show lower degradative capabilities than control cells. No apparent effect 
was observed when the fragment was bound to the gelatin. (C) Similar results were 
observed for the number of invadopodia per cell. (D) Left panels: representative images of 
fluorescent gelatin at 16 h show reduction in ECM degradation. Right panels: cortactin 
(red) and F-actin (green) show reduction in invadopodia number (white arrowhead). Scale 
bar= 10µm. 
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