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INTRODUCTION 

1.  Physiology of the adult normal breast  

1.1. Normal breast histology 

Mammary glands are the defining organs of mammals that produce milk to nourish 

offspring. The breast is a peculiar organ that reaches full development after birth, and although 

the gland is present both in males and females, it is only functional in the post-partum female.  

1.1.1. Histology of the breast  

The breast is made of three tissues: the epithelium forming the gland, the adipose tissue, 

and the extracellular matrix tissues. The major component of the breast is the adipose tissue, 

which is primarily composed of fat-storing adipocytes, and which surrounds the gland (Hovey 

& Aimo, 2010a). Mammary glands are composed of fifteen to twenty lobes, each lobe 

containing multiple lobules. The lobules are subdivided into alveoli (or acini) that drain into a 

series of intralobular ducts. These ducts merge into a single lactiferous channel that opens 

onto the surface of the nipple where milk is ejected (Figure 1) The mammary lobes are 

connected by dense connective tissue composed of a stromal extracellular matrix (ECM), 

vascular and lymphatic vessels as well as immune cells, and fibroblasts (Johnson, 2010).  

 

 

Figure 1: Schematic drawing of a sagittal cross-section of a female breast, the terminal ductal 

lobular unit (TDLU), and the acinus.  (a, b) The mammary gland consists of 15 to 20 lobes 

subdivided into lobules, then TDLU and acini. Muscle and fatty tissue are interspersed among 

the lobes of the gland. Each acinus consists of epithelial cells producing milk and ejecting it 

into a duct system converging on the opening of the nipple. (c) Two cell types comprise the 

epithelium that lines the ducts and lobules: the milk-secreting luminal cells and the contractile 

myoepithelial cells which contact the supporting basement membrane.    
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1.1.2. Mammary epithelium organization 

Mammary ducts are epithelial tissues composed of luminal epithelial cells facing the lumen 

of the ducts, and myoepithelial cells resting on a basement membrane (BM) (Figure 1).  

Luminal cells are specialized in milk production and secretion. Like most epithelial exocrine 

cells, mammary luminal cells are cuboidal and present a complete lateral belt of tight junctions 

(zonula occludens) at their apex to prevent leakage from secreted molecules. E-cadherin-

positive adherent junctions (zonula adherens) and desmosomes (macula adherens) on the 

lateral surfaces bridge the plasma membrane of neighboring cells and assure the integrity and 

stability of the epithelium (Johnson, 2010). They typically express luminal cytokeratins (CK-

7/8/18/19) and most luminal cells express estrogen and/or progesterone receptors (Deugnier 

et al., 2002). 

  The myoepithelial cells are located between the luminal cell layer and the BM, which 

they secrete (Figure 1). They have many features common to smooth muscle cells such as 

the expression of smooth muscle actin (SMA), calponin, smooth muscle myosin heavy chain 

(MHC), and exhibit parallel arrays of myofilaments, and dense bodies, thus allowing them to 

contract for milk ejection during feeding. They also show epithelial cell characteristics, express 

cytokeratins 5 and 14 and adhere to each other and the BM through desmosomes and 

hemidesmosomes. They interact directly with the luminal cells and aid them in acquiring 

polarity by synthesizing the BM, composed of fibronectin (a large glycoprotein that mediates 

adhesion), laminin, collagen IV and nidogen (a glycoprotein that links laminin to collagen IV) 

(Johnson, 2010). 

1.1.3. The basement membrane 

The extracellular matrix (ECM) is a three-dimensional network of supramolecular 

assemblies of proteins, proteoglycans, and glycosaminoglycans that is present in all tissues 

and is essential for life. The ECM is a physical support for cells that maintains tissue integrity, 

and provides elasticity and resistance to compression, but is also a dynamic structure 

controlling cell behavior and fate (Hynes, 2009). Two main types of ECM differ in location and 

composition: the interstitial connective tissue matrix and the basement membrane (BM). The 

BM is a dense and thick sheet-like network of extracellular proteins, glycoproteins, and 

proteoglycans separating epithelial cells from the stroma. More than 50 distinct 

macromolecules are comprised in the BM with a tight meshwork of laminin and type IV collagen 

acting as a scaffold for the deposition of other glycoproteins (nidogens, fibronectin, entactin, 

HSPGs, etc.) (Paulsson, 1992; Rowe & Weiss, 2008b).   

In Vertebrates, laminins form a family of 16 heterotrimeric glycoproteins composed of a 400-

kD α chain, a 200-kD β chain, and a 200-kD γ chain. The self-assembly of the three different 

chains is mediated by the N-termini of each arm and leads to the formation of a cruciform trimer 
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stabilized by disulfide bonds. Supramolecular organization at the plasma membrane is 

triggered via the binding of the C-termini domain of the α chain (the long arm) to cellular 

receptors (integrins, sulfated glycolipids, or dystroglycan depending on the tissue). In turn, the 

C-termini of the β and ɣ chains (the short arms) form stable interactions resulting in the 

organization of a sheet of oriented laminin heterotrimers (Figure 2) (Rowe & Weiss, 2008b).  

Type IV collagen is a family of six α chains produced by distinct genes. The N-termini of three 

of these α chains come together to form a heterotrimeric molecule, which theorizes the 

existence of 56 different combinations of triple-helix of type IV collagen. However, the collagen 

IV composition in human BM remains largely unknown as most of the current understanding 

of the structure and self-aggregating properties of type IV collagen is derived from mice 

sarcoma studies where only α1 and α2 chains are expressed. The protomer (triple helix) is 

divided into an N-terminal 7S domain, a middle triple-helical domain, and a C-terminal NC1 

globular domain  (Kalluri & Cosgrove, 2000; Rowe & Weiss, 2008b).  Upon exocytosis, 

protomers face an increase in chloride concentration which induces the assembly of a dimer 

by the interaction of two NC1 domains (Pedchenko et al., 2019; Tsilibary & Charonis, 1986). 

Chloride also induces the connection of four protomers in a spider-shaped structure connected 

by the association of the 7S domains (Figure 2) (Kühn, 1995; Pedchenko et al., 2019).  

Once secreted and self-assembled in the extracellular space, laminins and collagen are 

connected by various glycoproteins, such as nidogens, perlecan, or other types of collagens 

(types VI, XV, or even XVIII) (Figure 2). Epithelial cells adhere to the BM on their basal pole, 

which provides them with structural support and dictates cell polarity, survival, and 

proliferation. In the mammary gland, the composition and density of the BM greatly influence 

ductal morphogenesis, as BM is accumulated at the terminal end buds, constricting and 

elongating the buds (Jayadev & Sherwood, 2017). The BM is a semi-permeable barrier with 

pores the size of 50 nm allowing only small molecules to passively diffuse through (Rowe & 

Weiss, 2008b). It is a highly dynamic structure and is constantly modified: multiple cell types 

develop different cellular processes to reorganize the BM components and traverse the 

membrane barriers in the course of developmental, inflammatory, fibrotic, and neoplastic 

processes. 
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Figure 2: Schematic representation of the basic structure of the basement membrane. 

(A) Type IV collagen promoters can dimerize through their NC1 regions and self-assembly by 

the association of the 7S domains. (B) Laminin is a homotrimer protein that self-organizes as 

a supramolecular structure. (C) Schematic representation of the collagen-laminin scaffold 

bridged together by additional matrix proteins (perlecan, nidogen) resulting in the formation of 

the basement membrane (Sekiguchi & Yamada, 2018). 

1.1.4. The mammary gland stroma  

The stroma is a meshwork of cellular and acellular material that surrounds and interacts 

with the mammary ducts and alveoli. The acellular material is composed of loose intralobular 

connective tissue, dense irregular interlobular connective tissue, and interlobular adipose 

tissue. Type I collagen makes up the major component of the aqueous matrix in the interlobular 

connective tissue matrix. As in all collagen molecules, type I collagen comprises three 

polypeptide alpha-chains [(α1)2(α2)1], each formed from a repetition of a residue of glycine, 

frequently combined with imino acids, proline (Pro), and hydroxyproline (OH-Pro) 

(Mienaltowski et al., 2021; Shoulders & Raines, 2009a). The self-assembly of type I collagen 

is a complex multi-step process that starts in the rough endoplasmic reticulum of the stromal 

fibroblasts: alpha chains form a triple helical molecule, the procollagen. Once transported to 

the Golgi apparatus, the procollagen undergoes several post-translational modifications, such 

as the hydroxylation of Pro residues by the prolyl-4-hydroxylase (P4H). It was demonstrated 

that OH-Pro stabilizes collagen at a temperature of 43°C while non-hydroxylated collagen was 
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denatured at such a temperature. Furthermore, the removal of P4H activity is lethal in animal 

models (Bella, 2016).  

 

 

Figure 3: Biosynthetic route from the molecular procollagen to collagen fibrils. Three 

helical procollagen single strands are mature and hydroxylated in the cell organelles and form 

a procollagen triple helix. The tropocollagen molecules, resulting from proteinases cut of N- 

and C-termini, go toward the supramolecular assembly that forms collagen type I fibrils. 

(Salvatore et al., 2021) 

 

Procollagen is packed in vesicles and secreted in the extracellular space where it becomes a 

tropocollagen molecule through the cleavage of its C- and N-termini by various proteases. The 
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newly exposed C- and N-termini telopeptides from various tropocollagen molecules can 

interact and form a collagen microfibril. The telopeptides are cross-linked subsequently by lysyl 

oxidase enzymes which endow mature collagen fibrils with strength and stability (Figure 3) 

(Shoulders & Raines, 2009b). Other stromal ECM components include fibrous bridging 

proteins such as fibronectin or elastin, as well as glycoproteins, such as hyaluronic acid, 

aggrecans, and perlecans, all of which form a compliant, hydrated meshwork capable of 

resisting to tensile and compressive stresses (Frantz et al., 2010). Proteoglycans are also a 

reservoir of growth factors (FGF, EGF, HGF) which can be released and influence mammary 

cell behavior (Johnson, 2010). Direct cell-matrix interactions through adhesion of integrins with 

the ECM molecules can also control cell survival, proliferation, differentiation, and migration 

(Schatzmann et al., 2003).   

The adipose tissue is a complex, essential, and highly active metabolic and endocrine 

organ. A large part of the stromal adipose tissue is made of adipocytes filled with lipid, a 

reservoir of fat that is critical for the metabolically demanding process of milk production 

(Gregor et al., 2013). Adipocytes are also thought to synthesize many diverse molecules, such 

as estrogens and growth factors (IGF-I, HGF, VEGF, and TGF-β) that were all shown to have 

a role in the pre-, and post-natal development and function of mammary epithelial and stromal 

cells alike (Hovey & Aimo, 2010b).  

1.2. Mammary gland development  

1.2.1. Embryonic and post-natal development 

Studies of prenatal human breast development have, by necessity, been observational 

postmortem and not experimental. Therefore, most of our understanding of mammary gland 

development is derived from studies in mice. In the early stages of embryogenesis (4-6th fetal 

week), epithelial cells in the epidermis of the thoracic region proliferate and give rise to primary 

mammary buds penetrating the lower mesenchyme. After a while, the primary buds sprout and 

branch out and form mammary glands, later all connected by the lactiferous ducts. Late in the 

fetal period, the original invagination site of the primary bud evaginates to form the nipple 

(Figure 4) (Javed & Lteif, 2013). Many studies have shown that extensive crosstalk between 

the epithelial and the mesenchymal tissue was required for normal breast development 

(Parmar & Cunha, 2004).  

Most of the branching in the mammary gland is triggered by the hormones released by the 

hypothalamus-pituitary axis and the ovaries at the beginning of puberty. High levels of estrogen 

promote thickening of the epithelium as well as the elongation, invasion, and branching out of 

ducts' terminal ends. Estrogens also stimulate the expansion and differentiation of the stromal 

tissue.  
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Figure 4: Overview of mammary development. After 15 weeks, the mammary bud sinks into 

the fat bad precursor and expands in a rudimentary duct. On the onset of puberty and release 

of hormones (namely estrogen), terminal ends buds are formed and elongate. During 

pregnancy, the mammary tree expands, and the ducts' terminal ends bud and differentiate into 

milk-producing cells. Once the child is weaned, massive epithelial cell apoptosis occurs during 

the involution process to go back to a pre-pregnancy state. (Paine & Lewis, 2017) 

 

In the premenopausal adult breast, menstrual cycles profoundly change the architecture of 

the mammary gland to fulfill the milk-secreting primary function. During the luteal phase (after 

ovulation), the stroma becomes more vascular while the epithelial cells grow and proliferate. 

In the event of a pregnancy, placental estrogens promote distal ducts branching and the 

creation of more lobules and more alveoli within each lobule. Progesterone and prolactin 

(respectively produced by the placenta and the pituitary gland) induce luminal epithelial cells 

differentiation into milk-secretory cells. After birth, oxytocin and prolactin are synthesized by 

the pituitary gland and released by the suckling reflex. Prolactin continues to promote the 

synthesis and secretion of milk during normal lactation while oxytocin stimulates the 

contraction of myoepithelial cells to eject milk from alveoli into lactiferous ducts. Post-
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lactational involution involves alveolar cell apoptosis and phagocytosis as well as regrowth of 

stromal adipose tissue (Figure 4) (Javed & Lteif, 2013; Johnson, 2010). 

1.2.2. Role of stem cells   

Mammary stem cells (MaSC) give rise to a daughter stem cell and one luminal or 

myoepithelial progenitor cell. The concept of MaSC emerged in the 1950s to try to explain the 

profound changes during the female hormonal cycle. The purification of MaSCs has proved 

elusive but the use of flow cytometry to identify mammary epithelial cell subpopulations 

provided evidence that the transplantation of a single cell from a distinct population into a 

cleared mammary fat pad could reconstitute the entire mammary epithelium (Shackleton et al., 

2006). Based on this procedure, concentration of stem cells was highest in ducts, and they 

tend to be found between the luminal and basal compartments of the mammary epithelium 

(Villadsen et al., 2007). By interacting with surrounding cells and the ECM, stem cells are 

maintained in their niche in an undifferentiated state which grants them self-renewal and 

proliferation properties. Defects in the tight regulation of stem cell properties and uncontrolled 

cell proliferation can lead to neoplasia and further down the line to cancer (S. Liu et al., 2005).  

1.2.3. Regulation of breast structure and function by hormones and other regulators 

The mammary gland undergoes dramatic and complex changes during puberty and 

pregnancy, changes that must be tightly controlled to avoid dramatic potential consequences. 

Cyclic changes in hormone levels are known to be major regulators of the modifications 

occurring in the breast, such as estrogens and progesterone. These hormones are released 

cyclically by the ovaries under the direct influence of the hypothalamic-pituitary axis which 

releases gonadoliberins (GnRH), luteinizing hormone (LH), and follicle-stimulating hormone 

(FSH) into the bloodstream. As described above, estrogens promote the development of the 

stromal tissue in the breast as well as the growth of the breast ductwork. Progesterone 

prepares the breast for lactation by inducing the differentiation of the breast lobules. 

The intracellular estrogen receptors exist in two isoforms (α and β), coded by two different 

genes. ERα is expressed in 30% of luminal epithelial cells and induces transcriptional changes 

related to cell proliferation. Interestingly, in mice, the binding of estrogen to ERα in ERα-

positive cells stimulates the proliferation of neighboring ERα-negative cells but not of the ERα 

-positive cell. This dissociation between ERα -positive cells and proliferating cells implies that 

paracrine factors mediate the mitogenic activity of estrogen: amphiregulin, HGF, EGF, TGF, 

IFG, and FGF3 have all been proposed as paracrine mediators of estrogen effects. For 

instance, EGF is a potent mitogen that is essential in mammary ductal growth and branching. 

EGF works with HGF and TGF-β to promote lobuloalveolar development (Figure 5) (Garner 

et al., 2011; Sternlicht, 2006). On the other hand, ERβ is found in myoepithelial cells and is 
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important for the expression of adhesion molecules and the development of the zonula 

occludens in myoepithelial cells, required for lactation (Johnson, 2010).  

 

 

Figure 5: The dissociation in ER+ cells and proliferating cells in mammary development and 

cancer lead. ER+ cells produce growth factors upon estrogen signaling that have a paracrine 

action on neighboring ER- cells and induce their proliferation.  

 

The two isoforms of PR (α and β) are encoded by a single gene. PR knockout mice 

have demonstrated the critical role of progesterone in ductal branching and lobuloalveolar 

development during pregnancy. The PR-progesterone complex also translocates to the 

nucleus and binds to DNA and promotes the expression of paracrine factors stimulating cell 

proliferation, inducing lateral branching and alveogenesis (Johnson, 2010). 

 One of the consequences of the large number of divisions occurring during the 

development of the mammary gland is the acquisition of somatic mutations and the creation 

of genetic mosaicism which are risk factors for breast cancer development.  
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2.  Breast cancer progression  

Breast cancer (BC) is the leading cause of death by cancer in women in France with an 

incidence of near 60 000 cases in 2020 and a mortality rate of 7.6% with 14 000 deaths in 

2020 (source: Global Cancer Observatory by the International Agency for Research on 

Cancer). 95% of BC are derived from the epithelial cells (carcinoma) of the mammary gland 

(adenoma, adenocarcinoma) (Vinay et al., 2005). Epithelial cells proliferate uncontrollably and 

abnormally but remain confined within the duct by the myoepithelium (myoepithelial cells and 

basement membrane), forming a ductal carcinoma in situ (DCIS). In one-third of cases, the 

initial DCIS lesion progresses to invasive ductal carcinoma (IDC) (Rebbeck et al., 2022; Risom 

et al., 2022a).    

The physiopathology of BC is multidimensional and still poorly understood, but certain risk 

factors are known, such as advancing age and female sex. A family history of BC is also a risk 

factor with high-penetrance germline mutations accounting for about 10% of all BC cases. In 

particular, the “breast cancer genes 1 and 2” (BRCA1 and 2) which are highly expressed in 

proliferating mammary cells and protect genomic stability, have so far been identified as tumor 

suppressor genes inactivated in BCs (Venkitaraman, 2019). 

2.1. Intertumoral heterogeneity 

The majority of BC cases (90%) are sporadic, caused by the accumulation of acquired 

somatic mutations. The diversity and intertumoral heterogeneity of breast tumors is a 

therapeutic challenge and thus it became a pressing necessity to classify the diverse mammary 

tumor entities. For several decades, mammary tumors were classified based on the 

histological type, the tumor grade, and their stage of progression. According to their 

localization, breast tumors are defined as lobular or ductal carcinoma (in the mammary lobule 

or the duct, respectively). If tumor cells are confined within the lobule or the duct, the carcinoma 

is characterized as in situ. However, if the cancer cells have breached the myoepithelium and 

the basement membrane and started to invade the surrounding stroma (in clinics IDC 

diagnosis is based on p63 and SMA staining), then the carcinoma is defined as invasive. About 

50% to 80% of newly diagnosed BC cases are invasive ductal carcinoma (IDC). The rest are 

invasive lobular carcinoma (ILC) (Nascimento & Otoni, 2020). Studies show that in 75% of 

cases, DCIS will not progress to IDC, but because of the lack of markers and absence of a 

predictive signature of DCIS-to-IDC transition, the current guidelines often recommend surgical 

removal of the DCIS (Barrio & van Zee, 2017; Solin, 2019). The tumor grade is a descriptive 

indicator of how quickly a tumor is likely to grow and spread based on the morphological aspect 

of the cancer cells. The TNM scoring system considers the size (T), the status of the regional 

nodes (N), and the invasion into distant sites to form metastasis (M) to attribute a grade to the 

tumor (Cserni et al., 2018).  
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With the introduction of transcriptomic analysis in the 2000s, large-scale profiling 

studies allowed for the characterization of the genomic landscape of BC and revealed new 

layers of complexity and heterogeneity within BCs (Perou et al., 2000). Four distinct 

transcriptional programs emerged from these molecular stratification studies (Figure 6).  

Luminal tumors are characterized by the expression of ER and luminal cytokeratins CK8 and 

CK18. The luminal A subtype expresses high levels of estrogen receptors and a low rate of 

proliferation as measured by the staining of the proliferative marker Ki67. The luminal B 

subtype expresses low levels of estrogen receptors and has a high proliferation rate through 

overexpression of cyclin B1. Therefore, luminal A tumors are responsive to hormonal 

aromatase inhibitors (AI) and selective estrogen receptor modulators treatments and patients 

with this subtype of cancer present a relatively low relapse rate. Luminal B tumors, however, 

do not respond well to AI treatment and are of worse prognosis than luminal A. Numerous 

clinical trials are testing inhibitory molecules of the PI3K/AKT/mTOR pathway to establish 

neoadjuvant chemotherapy achieving a complete pathological response. Luminal tumors 

represent 50 to 70% of BCs (Taurin & Alkhalifa, 2020). HER2+ tumors (15% of accounted 

breast tumors) are defined by the overexpression of the human epidermal growth factor 

receptor (HER2) following the amplification and/or repetition of the ERBB2 gene on the large 

amplicon 17q12-21. These tumors are highly proliferative and have a weak prognosis. 

However, the dependency of these tumors on ERBB2 makes the HER2 gene product an 

actionable therapeutic target: patients with a HER2 BC can a gain 10-year disease-free 

advantage by the combinatory treatment of chemotherapy and immunotherapy using the 

humanized anti-HER2 monoclonal antibody Herceptin (trastuzumab) (Taurin & Alkhalifa, 2020; 

Yersal, 2014). Basal-like tumors (or triple-negative BC, TNBC) are characterized by the 

expression of myoepithelial/basal cytokeratins CK5/6 and CK17, no expression of PR and ER, 

and a normal expression of HER2. They represent 10% of all BCs but have a worse prognosis 

than luminal tumors with a high relapse rate. Extensive transcriptomic analysis of basal-like 

tumors allowed further stratification into 6 different subtypes (basal-like 1, basal-like 2, 

immunomodulatory, mesenchymal-like, claudin-low, and luminal androgen receptor) (Yersal, 

2014). Finally, “normal-like” tumors present a genomic expression profile similar to normal 

breast tissue.  

Rigorous molecular stratification of breast tumors help oncologists orient BC patients 

toward the best course of treatment and have set the stage for the emergence of personalized 

molecular medicine. However, the systematic classification of a tumor in a clinical subtype has 

yet to be established for diverse reasons such as the lack of reproducibility and quality control 

in current molecular tools as well as the cost of systematic screens (Eliyatkın et al., 2015). 

Furthermore, these types of characterization largely ignore the heterogeneous and structurally 
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complex nature of the organ, namely the importance of the stroma in the tumor progression 

(Mueller & Fusenig, 2004). 

 

Figure 6: The identification of breast cancer subtypes by molecular profiling. (a) 

Dendrogram showing the clustering of 115 breast tumors into 5 different subtypes of 

carcinoma. Grey branches (approximately 20% of all tested tumors) are tumors that did not 

correlate with any subtypes. (b) Prognostic outcomes for each subtype of carcinoma are shown 

as overall survival in months. The ERRB2+ (HER2+) and basal subtypes show the worse 

prognosis while luminal A tumors show the best prognosis (Vargo-Gogola & Rosen, 2007). 

 

Insights from studies of intratumoral heterogeneity and cancer stem cells (CSC) challenge 

the simple binary view of the tumor hierarchy, where a CSC would give rise to a homogenous 

tumor population and shift the view toward a spectrum of heterogeneous differentiation states 

and the coexistence of different populations of CSC. These different populations of CSC then 

give rise to distinct breast cancer subtypes within a single tumor and also implies that breast 

cancer can interconvert between distinct subtypes upon environmental clues (Nascimento & 

Otoni, 2020; Yeo & Guan, 2017). The direct clinical implication would be the application of 

combinations of therapeutic agents most effective for each subtype to minimize the emergence 

of resistant cells (Yeo & Guan, 2017).  
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2.2. Extracellular remodeling during breast cancer progression 

Cell-ECM contacts are key in the governance of cellular phenotype and molecular 

functions. The interaction between cell surface receptors and the ECM components and ECM-

bound growth factors mediates cell adhesion and cell signaling and therefore regulates cell 

proliferation, differentiation, migration, and apoptosis (Hastings et al., 2019). Although ECM 

remodeling is essential and tightly regulated in physiological processes, systemic aberrations 

of the ECM have been reported regarding tumor progression and metastasis establishment. 

2.2.1. Mechanisms of tumorigenic ECM remodeling 

2.2.1.1. Changes in the composition of ECM 

 
Although any cell can in principle synthesize and deposit ECM components, the 

majority of ECM production is mediated by myofibroblasts, which are fibroblasts transformed 

by pro-inflammatory factors such as TGF-β. Myofibroblasts are fibroblasts that can modify the 

ECM topology by exerting contractile functions through de novo α-smooth muscle actin 

expression. Sustained production of TGF-β by tumor cells, but also of FGF-2, PDGF, and other 

various growth factors can attract and over-activate myofibroblasts and other stromal cells (so-

called cancer-associated fibroblasts, CAF) (Winkler et al., 2020). A recent study showed that 

inhibiting CAF-mediated collagen production and deposition reduced breast tumor growth and 

metastatic spread in vivo and breast cancer cell proliferation in vitro, illustrating the importance 

of stromal cells and of the ECM on the tumoral progression (Kay et al., 2022). Furthermore, 

iron-bound-hyaluronic acid interaction with its cellular receptor CD44 has been shown to 

promote iron-mediated epigenetic activation of a mesenchymal phenotype in vitro (Müller et 

al., 2020). Tumorigenesis and increased deposition of collagen, fibronectin, and hyaluronic 

acid in the interstitial ECM results in a fibrotic phenotype characterized by chronic 

inflammation, fibroblast expansion and activation, and elevated angiogenesis (Auvinen et al., 

2000; Kauppila et al., 1998; Pickup et al., 2014; Winkler et al., 2020). This tumorigenic fibrosis, 

termed desmoplasia, is a common characteristic of breast cancer and is associated with a poor 

prognosis (Catteau et al., 2019).   

2.2.1.2. Changes in organization and post-translational modifications  

 
ECM components undergo post-translational modifications which affect cell-matrix and 

molecule-matrix interactions. Collagens fibers are extracellularly cross-linked by lysyl oxidases 

(LOX) and LOX-like (LOXL) enzymes, tissue transglutaminase 2(TG2) mediates the 

transamidation of glutamine to lysine between fibronectin, HSPG, fibrinogen resulting in a 

covalent bond between two proteins. These enzymes are frequently overexpressed during 

cancer progression which results in increased cross-linking and linearization of ECM 

molecules (Yuzhalin et al., 2018). In normal tissues, the fibers are curly and parallel to the 
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epithelium and this architecture can protect against tumor initiation by stimulating the 

expression of cell-cell contact proteins and downregulating mesenchymal genes. During tumor 

progression in the breast, collagen form bundles of straightened and aligned fibers 

perpendicular to the tumor edge, and patients showing this architectural modification signature 

exhibit poor survival (Conklin et al., 2011; Risom et al., 2022). The ECM, especially the 

heparan sulfate proteoglycans (HSPGs), are a reservoir of growth factors and thus modulate 

the activity of the pro-proliferation signaling pathways mediated by tyrosine kinase receptors. 

Endosulfatases 1 and 2 (Sulfs 1/2) modify the ability of HSPGs to bind to growth factors by 

altering the sulphation pattern of the HSPGs although the molecular mechanisms are yet to be 

elucidated. Sulf1 inactivation in ovarian cancer and hepatocarcinoma prevents the inhibition of 

pro-proliferation tyrosine kinase receptor signaling (de Pasquale & Pavone, 2020; Hammond 

et al., 2014; Lai et al., 2008; Winkler et al., 2020). 

2.2.1.3. Degradation of ECM 

 
The extreme versatility of the ECM allows it to participate in critical developmental 

processes but also in various basic cellular functions through cell-matrix interactions. This 

pleiotropic aspect requires plasticity and a highly dynamic structure that is assured by the 

constant remodeling of the ECM by a reciprocal influence of the cellular residents. Stromal and 

cancer cells secrete zinc-dependent proteases belonging to three different families: matrix 

metalloproteinases (MMPs), a-disintergin, and metalloproteinase (ADAMs), and a-disintergin 

and metalloproteinase with thrombospondin (ADAMTs) families. The substrates of these 

proteases remain elusive, although recent degradomic studies showed that membrane-bound 

and soluble ADAM10 have different targets (Scharfenberg et al., 2020). The proteolysis of 

ECM has multiple consequences on tumor progression: replacement of normal ECM with 

tumor-derived ECM, driver of cell motility and invasion, the release of pro-tumoral growth 

factors, the revelation of cryptic binding sites for integrins (which activate pro-proliferating 

signaling pathways) and lastly the production of short bioactive ECM fragments termed 

matrikines. The role of matrikines is ambiguous, as they can be pro-tumorigenic as well as 

anti-tumorigenic. For instance, the degradation of elastin can activate the matrix 

metalloproteinase 14 (MMP14), while the α3 chain released from the cleavage of type IV 

collagen represses MMP14 (Martinella-Catusse et al., 2001). In breast cancer, trans-

membrane MMP14 (also called membrane-type 1 matrix metalloproteinase 1, MT1-MMP) 

correlates with the progression from ductal carcinoma in situ (DCIS) to invasive ductal 

carcinoma (IDC) (Lodillinsky et al., 2016). The role of matrikines on the regulation of tumor 

progression should not be taken lightly, as recent evidence points to the fact that 

myoepithelium disruption was higher in DCIS that do not progress to IDC compared to DCIS 

having progressed to IDC, suggesting that the degradation of the basement membrane and 
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potential exposition to matrikines (and immune surveillance) could repress tumor progression 

(Risom et al., 2022).  

     

 

Fig. 6 ECM remodeling in the primary tumor. (a, b) Tumor-derived factors activate stromal 

cells which differentiate into cancer-associated fibroblasts (CAFs) leading to the secretion and 

deposition of large amounts of ECM components along with the cancer cells. © ECM-modifying 

enzymes such as LOX expressed by tumor cells and CAFs cross-link and align collagen fibers, 

which increases matrix stiffness around the tumor. (d) Increased matrix stiffness promotes the 

interaction between ECM components and cell-surface receptors on tumor cells that triggers 

mechanosignaling mediated by integrins. (f) To sustain a tumorigenic microenvironment, tumor 

cells and resident immune cells secrete cytokines, chemokines, and growth factors (GFs), 

which differentiate and recruit bone marrow-derived cells (BMDCs). (g) The BMDCs, CAFs, 

and tumor cells secrete ECM-degrading proteases, including MMPs, which are cell surface-

bound (e.g., trans-membrane MT1-MMP) or secreted (e.g., MMP-9). (h) Proteolytic ECM 

degradation generates bioactive matrikines and (i) releases matrix-bound GFs. These factors 

induce pro-tumourigenic ECM signaling that promotes tumor proliferation, migration, invasion, 

and angiogenesis. (j) These combined changes to the ECM create a hypoxic environment. 

Neutrophils secrete potent MMP-9 that degrades ECM and releases matrix-bound VEGF that 

forms a concentration gradient for new angiogenic sprouting. (k) Stimulated by dense ECM, 

the tumor cells may gain endothelial-like functions and mimic the vasculature that connects to 

blood vessels. (Winkler et al., 2020) 
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2.2.2. Impact of tumorigenic ECM remodeling  

2.2.2.1. Rewiring of signaling pathways by ECM remodeling 

 
Integrins, which connect the ECM to the intracellular actin cytoskeleton, are 

heterodimeric transmembrane receptors. There are 24 integrins in mammals, each composed 

of one of the 18 α and 8 β subunits that recognize different ECM substrates: laminins (α2β1, 

α3β1), fibrillar collagens (α1β1, α2β1) and various other ECM proteins containing an RGD 

motif (α5β1, αvβ3, αvβ5). Activation of integrin starts with a conformational change to an open 

structure induced by the intracellular recruitment of talin (an adaptor protein that links integrin 

to the actin cytoskeleton). It is the inside-out signaling part of the integrin signaling pathway. 

Active integrin can bind to ECM molecules leading to integrin clustering which elicits robust 

outside-in signaling via the activation of focal adhesion kinase (FAK) and SRC family kinases 

(SFK). As a consequence, the Rho family GTPases, Rac, Rho, and Cdc42 are recruited to the 

plasma membrane and promote the assembly of pro-migratory structures such as filopodia, 

lamellipodia, and focal adhesions. Furthermore, FAK phosphorylates EGF, IGF, and VEGF 

receptor tyrosine kinases (RTK) to prime them for ligand-induced activation of mitogenic 

signaling such as the mitogen-activated protein kinases (MAPK) or the PI3K/AKT/mTOR 

pathway. In turn, the RTK induces phosphorylation of FAK. Joint integrin-RTK signaling thus 

regulates multiple cellular functions such as migration and invasion, proliferation and survival, 

and metabolic pathways (Figure 7) (Cooper & Giancotti, 2019; Z. Sun et al., 2016).  ECM 

stiffness can be sensed by the actin cytoskeleton through integrins which promotes the 

rearranging and clustering of the focal adhesion proteins (talin, FAK, SRC, actin proteins) and 

can greatly influence the downstream signaling pathways.  Elevated ECM deposition and 

cross-linking during desmoplasia increase stiffness and combined with integrin overexpression 

in various cancers, can dramatically alter integrin-mediated signaling and trigger tumor 

promotion (Deville & Cordes, 2019; Northcott et al., 2018; Z. Sun et al., 2016). 

Discoidin Domain Receptors 1 and 2 (DDR1, DDR2) are transmembrane collagen 

receptors with increased tyrosine kinase activity under a high abundance of collagen in the 

tumor microenvironment. In breast cancer, the interaction of collagen with DDR1 activated the 

JAK/STAT3 pathway which led to the manifestation of cancer stem cell traits and drove 

metastatic growth (Gao et al., 2016).  

uPARAP/Endo180 belongs to the mannose receptor family and can bind and 

internalize collagen through clathrin-mediated endocytosis. Once in the endosomal/lysosomal 

compartment, collagen is degraded in a process dependent on the lysosomal cysteines 

proteases. uPARAP is therefore involved in collagen turnover and its expression in the stromal 

compartment of breast cancer has been proposed to be a potential bad prognostic marker, as 

mice deficient for the uPARAP gene has lower tumor burden. However, in most studies, 
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internalization has been demonstrated with solubilized collagen, and therefore the 

conformation status and the size of the fragments are not clear. Furthermore, mice deficient in 

uPARAP are relatively healthy, besides minor defects in bone length, which suggest the 

existence of alternative compensatory mechanisms for collagen internalization in vivo (Curino 

et al., 2005a; East et al., 2003; Engelholm et al., 2003; Nielsen et al., 2017).  

 

  

Figure 7: Integrins are bidirectional cell-surface signaling molecules. (A) Scheme of the joint 

integrin-RTK signaling pathways occurring at the plasma membrane. FAK and SFK 

downstream of integrins phosphorylate the P-loop of RTKs and prime them for ligand-induced 

activation. Conversely, the RTKs also phosphorylate FAK and SFK in a positive feedback loop. 
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(B) Signaling pathways induced by downstream joint integrin-RTKs activation. Integrin and 

RTKs cooperate to activate the PI3K/AKT/TOR, MAPK and the p130/Paxillin pathway to 

induce nuclear translocation of the transcription factors C-jun, c-Fos as well as Yes-associated 

protein (YAP) (C) which in turn (co-)activate several critical cellular functions (Cooper & 

Giancotti, 2019). 

2.2.2.2. Tumor cell migration and invasion are supported by ECM remodeling 

 
Promotion of integrin-based focal adhesions by cross-linked collagen induced the 

invasion of transformed mammary epithelial cells (Levental et al., 2009). Upon TGF-β 

treatment, breast cancer cells actively secrete WISP1 to directly remodel and linearize 

collagen fibers promoting cell invasion and spontaneous metastasis formation (Jia et al., 

2019). 

The basement membrane represents a physical barrier to dissemination and its proteolysis 

and remodeling promote tumor cell migration in the stroma, which is a clinical sign that the 

DCIS has evolved to an IDC (Risom et al., 2022b). In breast tumor cells, proteolytic 

degradation of the basement membrane is mediated by MT1-MMP (Castro-Castro et al., 2016; 

Lodillinsky et al., 2016). In the interstitial matrix, metalloprotease-mediated degradation of the 

ECM components opens migratory tracks and reduces mechanical tension on the nucleus, the 

biggest and stiffest organelle in the cell, therefore activating active migration (Ferrari et al., 

2019).  

Tumor cells can be located at distant sites from blood vessels and be deprived of nutrients 

and oxygen. Furthermore, a fibrotic and stiffened ECM can induce the collapse of blood 

vessels or block blood flow to tumor cells (Jain et al., 2014b). This hypoxic microenvironment 

induces the activation of hypoxia-inducible transcription factor 1 (HIF-1) which promotes an 

angiogenic switch, tumor growth, and stromal cell recruitment but also ECM remodeling 

through regulation of various MMPs (including MT1-MMP) (Muñoz-Nájar et al., 2006; 

Semenza, 2016). This process restores an (almost) adequate blood flow to the tumor but can 

also promote metastasis by the dissemination of tumor cells in the vascularization network.   

2.3. Breast cancer metastatic program  

2.3.1. The epithelial to mesenchymal transition  

 
Approximately 90% of breast cancer deaths are caused by local invasion and distant 

metastasis of tumor cells. At present, we do not have sufficient knowledge on the transition 

between a non-invasive lesion (DCIS) to IDC although the epithelial to mesenchymal transition 

(EMT) has been hypothesized to have a significant role in the switch to an invasive phenotype 

and the ability to form metastasis (Hanahan & Weinberg, 2011). EMT is a vital process during 

embryonic development and wound repair wherein epithelial cells lose their epithelial 
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characteristics and adopt a mesenchymal invasive phenotype. Loss of epithelial integrity is 

mediated by a cadherin switch where E-cadherin (a protein involved in adherent cell-cell 

junctions) is transcriptionally downregulated and N-cadherin is upregulated. The EMT is also 

characterized by a loss of apicobasal polarity in favor of an elongated, migratory-favorable 

spindle shape morphology with a deep reorganization of the cytoskeleton.  Cells also acquire 

invasive properties mediated by transcriptional upregulation of MMPs (such as MT1-MMP, 

(Pang et al., 2016)) and genes involved in collagen and fibronectin reorganization (Risom et 

al., 2022a). 

This phenotype is underlined by molecular changes regarding the expression of target 

genes (Figure 8). The downregulation of E-cadherin in the cadherin switch is accompanied by 

an increase in the expression of N-cadherin. Loss of E-cadherin destabilizes cell-cell tight and 

adherent junctions, as well as cell-matrix junctions, and has been shown to be sufficient to 

promote the progression from DCIS to IDC (Derksen et al., 2006). N-cadherin is also a 

structural element of adherent junctions but is found in motile and less polarized non-epithelial 

cells such as neural cells or endothelial cells. Homotypic N-cadherin interactions on opposing 

cells activates Rac GTPase, which stimulates local actin polymerization and the formation of 

invasive membrane protrusions (Ouyang et al., 2013; Yap & Kovacs, 2003). N-cadherin 

expression in tumor cells has been shown to promote collective migration and collective 

invasion in a 3D ECM (Klymenko et al., 2017; Kuriyama et al., 2016; Mrozik et al., 2018). 

Furthermore, N-cadherin binds and stabilizes fibroblast growth factor receptors (FGFR) which 

potentiates the downstream MAPK pathway promoting cell survival and proliferation but also 

promotes metastasis (Mrozik et al., 2018; Qian et al., 2014; Wheelock et al., 2008). Cell shape 

and movement are structured by the cytoskeleton which is composed of actin microfilaments, 

intermediate filaments, and microtubules. Keratins are a type of epithelial-specific intermediate 

filaments that provide structural support to epithelial cells by linking cell-cell (desmosomes) 

and cell-matrix (hemidesmosomes) junctions to the plasma membrane and the nucleus. 

Vimentin is another type of intermediate filament expressed in mesenchymal cells. 

Overexpression of vimentin in epithelial cells induces morphological change towards a 

mesenchymal shape and a loss of desmosomes. Keratins are often downregulated during the 

EMT process, while the expression of vimentin is increased (Datta et al., 2021). Another 

mesenchymal characteristic accompanying EMT is the upregulation of genes involved in 

matrix remodeling, such as the synthesis of ECM components (fibronectin, collagen type I) but 

also matrix digesting proteinases (MMPs). TGF-β-induced EMT in breast cancer cell lines 

induces the upregulation of MMP-2 and MMP-9 expression and activity (Y.-H. Lee et al., 2008). 

Recent evidence suggests that MT1-MMP cooperates with TGF-β to trigger SNAIL-induced 

EMT (Djediai et al., 2021).  
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EMT is controlled by the SNAIL, ZEB, and basic helix-loop-helix (E47, Twist) families 

of transcription factors and are under tight regulation by various signaling pathways. TGF-β 

produced by both stromal and tumoral cells is a potent inducer of EMT by binding to its 

receptors (type I and II serine-threonine kinases receptors, TBRI and TBRII) at the surface of 

cancer cells. Activated TBR stimulates the nuclear translocation of the SMAD2/3/4 complex 

and the transcriptional upregulation of Snail, Slug, and Twist. The Wnt /β-catenin and the TNF-

a/NK-kB signaling pathways also play a critical role in the activation of the EMT program by 

stabilizing the Snail transcription factor. Once activated these transcription factors bind to 

consensus E-box DNA sequences and downregulate the expression of target genes (Buyuk 

et al., 2022). 

Mesenchymal cells can also undergo the opposite process of EMT, the mesenchymal 

to epithelial transition (MET), a process thought to support the formation and implantation of 

metastasis in distance sites. By triggering MET, even highly mesenchymal cells such as the 

MDA-MB-231 (a triple-negative breast cancer cell line) clustered together via the 

establishment of cell-cell junctions in association with downregulation of vimentin and SNAIL 

(Jo et al., 2009). EMT is not a binary process in which cells are either 100% epithelial or 

mesenchymal, but it rather represents a spectrum of distinct hybrid states (Figure 8). Primary 

mammary tumor cells showed diverse states of EMT (defined by their surface markers) with 

different invasive and metastatic characteristics. Interestingly, cells that exhibited hybrid 

epithelial-mesenchymal gene expression were most efficient in forming metastases. This 

existence of distinct EMT states in vivo has implications not only for our understanding of 

cancer biology (tumor heterogeneity, collective cell invasion, metastasis formation) but is also 

another facet of tumor cells that could explain the resistance to therapy (Pastushenko et al., 

2018).    
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Figure 8: Schematic representation of the phenotypic and molecular modifications during the 

epithelial to mesenchymal transition. During EMT reduced E-cadherin expression and deep 

cytoskeleton reorganization mediated by the activity of transcription factors Snail/ZEB/BHLH 

induces a loss in cell-cell and cell-matrix adhesions, disrupting the epithelium and favoring a 

spindle shape phenotype over the typical epithelial apico-basal polarity. Increase in the 

expression of MMPs potentiates the invasiveness of mesenchymal cells. Note the presence of 

intermediate states where cells express mesenchymal genes while retaining some epithelial 

traits (Wieczorek‐szukala & Lewinski, 2021) 

2.3.2. Mechanisms of tumor cell invasion  

 
Organs (including tumors) are composed of a variety of cell types influenced by a vastly 

heterogeneous and ever-changing environment. The characterization of cell migration was 

historically focused on the migration in 2D models of cell culture. However, migration on 

surfaces is rather the exception that the rule in vivo. The concepts acquired from these studies 

are important but have now to be applied to 3D models to consider the complexity of organs 

and tumors. Advances made in live fluorescence imaging allowed us to move into the third 

dimension and highlighted novel interactions between cell and matrix in the migration process.  

Cells adapt to changes in their immediate environment by sampling chemical and 

physical cues, mostly through the integrin-mediated interactions with the ECM. Focal 

adhesions are indeed a mechanosensing signaling hub that sense and adapts to mechanical 

constraints in the ECM. In 2D models, the molecular clutch hypothesis hypothesized by 

Mitchison and Kirschner is a model explaining how focal adhesions are involved in actin-

dependent traction force propagation (Figure 9). At the leading edge of the migrating cell, 

without proper attachment of the focal adhesion to the actin microfilaments, the retrograde flow 
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of F-actin is greater than the rate of G-actin polymerization, resulting in the absence of cell 

protrusion. However, engagement of focal adhesions with the actin microfilament significantly 

reduces local actin retrograde flow, stabilizing and promoting actin polymerization to create 

protrusions (lamellipodia) by applying forces against the cell membrane. On a 2D substrate, 

lamellipodia are spread out like a flat pancake with many stress fibers and focal adhesions 

stabilizing the structure. The cell moves forward over the focal adhesion clutch which serves 

as a traction force. At the cell rear, the focal adhesions are disassembled to detach the cell 

from the ECM and recycled back at the front to help in the formation of new membrane 

protrusions (Doyle et al., 2022; Ridley et al., 2003).  

 

Figure 9: The molecular clutch hypothesis. (a) G-actin monomers (light blue) are integrated to 

the F-actin filament (dark blue). Integrins (green and purple) are at the plasma membrane 

(grey) and engaged with the ECM (orange). (b) If the molecular clutch is not engaged and actin 

filaments are not connected to the integrins and the ECM, then rapid actin retrograde flow 

occurs and there are no net protrusion or traction forces on the ECM. (c) Once the clutch is 
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engaged, F-actin filaments are stabilized, and the forces generated by actin polymerization led 

to protrusion and traction force on the ECM. (Case & Waterman, 2015). 

 

The first main mode of 3D cell migration characterized and the most resembling 2D 

migration is the mesenchymal migration mode in rich 3D environments. Actin polymerization 

at the leading edge of the cell generates invasive protrusions (the lamellipodia) and integrin-

based focal adhesions for ECM anchoring. Contrary to the wide lamellipodia produced in 2D 

substrate, mesenchymal cells in 3D matrix extrude a protrusion on a straight axis following 

collagen orientation. Clusters of β1 integrin were found at each site of contact between the cell 

protrusion and the ECM (Figure 10). Through these adhesions and the contractile activity of 

myosin II, mesenchymal cells apply a constrictive mark (a pre-stain) on the matrix along the 

protrusion that orients and polarizes the cell (Doyle et al., 2021). Other ECM parameters such 

as pore sizes or fibril alignment can impede mesenchymal cell migration. Matrix pores too 

small can impede the passage of the nucleus, the biggest and stiffest organelle of the cell. As 

such, mesenchymal cells cleave the matrix fibers and expand the matrix pore size to allow the 

nucleus to go through by secreting soluble MMPs and enriching their invasive protrusions with 

membrane-bound MMPs, which cleave the fibers ahead of the nucleus and facilitate cell 

migration (Infante et al., 2018; Wolf et al., 2003, 2007) (Figure 10).  

Amoeboid migration is the second main 3D cell migration phenotype observed, 

characterized by extensive actin-based or hydrostatic-mediated cell body deformations (blebs) 

and low adhesion to the ECM (Figure 10). The third and less studied 3D cell migration mode 

is a hybrid between the two first, termed lobopodial migration. Cells generate lobopodia which 

are hydrostatic-mediated cell protrusions resembling lamellipodia while pulling on the ECM. 

The pressure exerted to form the lobopodia structures is generated at the rear of the cell by 

the nucleus which moves forward like a piston. Cells migrating in a 3D environment show high 

plasticity and can switch between modes of migration, most likely under the influence of the 

microenvironment (matrix pore size, fibril alignment, cross-linking, viscoelasticity). For 

instance, confinement in a low-adherent chamber or MMP inhibition was enough to induce 

immediate mesenchymal to amoeboid transition (Yamada & Sixt, 2019).  
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Figure 10: Mesenchymal vs amoeboid migration. (a) Mesenchymal cells are aligned parallel 

to the ECM tension lines and migrate in the confined environment by degrading the matrix. 

Amoeboid cells do not degrade the ECM fibers but protrude through the matrix pores and find 

the path of least resistance. (c) Cell migration is dictated by the environment and for example, 

various factors such as low-adhesion, confinement, and inhibition of matrix-degrading 

enzymes can lead to a switch from mesenchymal migration to lobopodial or amoeboid 

migration (Yamada & Sixt, 2019).  
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3.  Invadopodia, membrane protrusions mediating matrix proteolysis, 
and breast cancer invasion  

3.1. Invadosomes: good from afar but far from good  

3.1.1. An umbrella term for regrouping nearly identical cellular structures 

 
Invadopodia were first observed in 1985 in Rous-sarcoma virus-transformed fibroblasts 

where several focal adhesion proteins (integrins, α-actinin, vinculin, myosin…) underwent a 

puzzling reorganization and clustering at the ventral membrane in contact with the substratum. 

Actin filaments and actin-regulating proteins also re-localized to the same place and formed 

small actin-rich membrane protrusions which reorganized and degraded the underlying ECM.  

Invadosome is a generic term that regroup several structures that are defined as actin-

based force-producing cell-ECM contacts that degrade and reorganize the ECM (Cambi & 

Chavrier, 2021). Invadosomes is thus an umbrella term for regrouping podosomes formed by 

non-transformed cells and invadopodia found in invasive tumor cells (Cambi & Chavrier, 2021; 

Paterson & Courtneidge, 2018).  

3.1.2. Cut from the same cloth?  

 
Invadosomes are characterized by a force-producing actin core enriched in barbed actin 

filaments. These filaments are generated by the N-WASP (or related WASP) -mediated 

activation of the actin nucleator Arp2/3 complex. The protrusions are enriched in matrix 

metalloproteases such as MT1-MMP in invadopodia and podosomes and confer to the 

invadosomes an ECM proteolysis activity that contributes to the invasive capacity of these 

structures.  

On glass coverslips and 2D matrices resembling BM, podosomes present a round 

shape with a diameter of 0.5 to 1 µm. They are characterized by a core of F-actin and 

associated proteins (WASP/N-WASP, CDC42), and MMPs while β1, β2, and β3 integrins, 

associated focal adhesion proteins (paxillin, talin, vinculin, α-actinin) and signaling proteins 

(PI3K, SRC, Pyk2/FAK) are clustered on the periphery of the podosome. Integrin engagement 

with the substrate stimulates SRC activation via PKC resulting in the activation of the 

CDC42/WASP/Arp2/3 signaling axis and consequent actin polymerization.  The resulting 

protrusion, enriched in MMPs, locally degrades, and invades the matrix within minutes (Linder 

& Kopp, 2005) (Figure 11).  However, there is a great diversity in mesoscale podosome 

morphologies dictated by the cell type in question. Typically, immune, and endothelial cells 

form clusters of podosomes (or rosettes) that breach the basement membrane during immune 

infiltration or angiogenesis, while osteoclasts form rings and belts that evolve into a specialized 

sealing zone during the differentiation period which delimitates the bone-resorbing zone 

(Linder & Kopp, 2005; van den Dries et al., 2019). Mesoscale organization of the podosome 
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also depends on the ECM topography as cells in a reconstituted 3D matrix form linear 

podosomes aligned on the fibers (Cambi & Chavrier, 2021; van den Dries et al., 2019). It 

should be noted that podosomes also form during pathogenic processes such as excessive 

podosome-mediated bone degradation resulting in osteoporosis (Guimbal et al., 2019; Vives 

et al., 2015).  

Invadopodia are cancer cell-specific contact sites between the membrane and the ECM 

fibers. These types of protrusion can last for more than an hour and are characterized by local 

MT1-MMP-mediated matrix degradation. Invadopodia formed in the breast cancer cell line 

MDA-MB-231 cultured in a 2D ECM model present a striking resemblance to podosomes with 

a dotty-like perinuclear distribution. Although the actin organization of podosomes is of a high 

degree of complexity, the actin meshwork in invadopodia is rather rudimentary with Arp2/3 

mediating branched actin polymerization directed on the plasma membrane to exert forces on 

the substratum. In a 3D environment, the organization of the invadopodia also shifts to a non-

protrusive linear structure following type I collagen fibers. The ultrastructure organization of 

curvilinear invadopodia showed a distinct enrichment in branched actin on the cytosolic side 

of the plasma membrane in association with the inner side of the curved ECM fiber (Figure 

11). In a 3D type I collagen matrix environment, invadopodia structures form in a ring-like 

shape (like barrel hoops) on the cell body ahead of the nucleus and extended to widen the 

matrix pores in association with MT1-MMP collagenolytic activity (Cambi & Chavrier, 2021; 

Ferrari et al., 2019; Infante et al., 2018). Invadopodia activity has been shown to promote tumor 

growth and metastasis formation in breast cancer (Castro-Castro et al., 2016; Eddy et al., 

2017; Lodillinsky et al., 2016), showcasing its importance in tumor biology and the 

therapeutical requirement to further study this invasion mechanism.  

3.2. Initiation and formation of invadopodia 

 
Current models derived from adenocarcinoma cells define three stages in invadopodia 

formation: initiation of a precursor core, stabilization of the invadopodia precursor, and finally 

maturation of the invadopodia.   

 

3.2.1. Triggering of invadopodium precursor core initiation  

 
Exposure to growth factors was shown to be sufficient to initiate invadopodia formation in 

adenocarcinoma cells by binding to their respective tyrosine kinase receptors and activation 

of signaling pathways (PI3K, SRC, JAK/STAT) (Augoff et al., 2020). TGF-β and PDGF were 

also shown to induce Twist1-dependant invadopodia initiation, linking invadopodia to epithelial 

to mesenchymal transition (Eckert et al., 2011).  The ECM itself is also a potent modulator of 

invadopodia formation depending on the considered component and topology. The attachment 
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of integrin α5β1 to fibronectin has been shown to be a potent inducer of invadopodia formation 

while attachment of integrin α3β1 to laminin was shown to repress it (Beaty & Condeelis, 2014; 

Murphy & Courtneidge, 2011).  While integrin α2β1 integrin and collagen receptor DDR1 are 

necessary for punctiform invadopodia formation on gelatin, initiation of linear invadopodia does 

not and relies instead MT1-MMP, showcasing once again the importance of the ECM topology 

(Ferrari et al., 2019). 

 

 

 

Figure 11: The architecture of actin-rich invadosomes is dictated by the environment. (A) 

Immunofluorescence image of vinculin (green) and actin (magenta) forming podosomes at the 

adherent surface of a human monocyte-derived immature dendritic cell plated on a glass 

coverslip. The actin architecture of podosomes in a side view is schemed in the lower panel. 

(B) Immunofluorescence image of the invadopodia marker Tks5 (red) in triple negative breast 

cancer (TNBC) cells (MDA-MB-231) plated on a 2D matrix (fluorescent cross-linked gelatin, 

green). The architecture of the punctiform invadopodia (side view and top view) is schemed 

on the lower panel and show small, branched actin patches associated with Tks5 and deep 

local ECM degradation. (C) Immunofluorescence image of the Tks5 (red) in MDA-MB-231 cells 

plated on a thick layer of fluorescently-labeled type I collagen matrix (green). The scheme 

below shows the linear invadopodia formed alongside the collagen fibers with the actin network 
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polymerizing on the curvilinear side. Scale bars, 10 μm. pm, plasma membrane. (Cambi & 

Chavrier, 2021). 

 

The activation of the PI3K, SRC or CDC42 signaling pathways downstream of integrin 

engagement and growth factors binding to their receptors is the triggering signal for actin 

polymerization and invadopodia initiation. N-WASP and Arp2/3 activation downstream of 

Cdc42 stimulates the formation of a branched actin network (Castro-Castro et al., 2016; 

Colombero et al., 2021; Monteiro et al., 2013; Zagryazhskaya-Masson et al., 2020) (Figure 

12). As such, depletion of CDC42 guanine exchange factor FGD1 repressed invadopodia 

formation (Zagryazhskaya-Masson et al., 2020) similarly to the expression of a dominant 

negative variant of Cdc42 (di Martino et al., 2014), or silencing of N-WASP (Monteiro et al., 

2013). In the same line, actin branch-stabilizing protein cortactin is critical for invadopodia 

formation. Cortactin undergoes several post-translational modifications such as activatory 

phosphorylation on tyrosine 421 that triggers the recruitment of Nck1 adaptor protein, N-WASP 

and cofilin to the invadopodia precursor, thereby promoting the formation and turnover of 

branched actin filaments (Oser et al., 2010). Actin debranching factors such as coronin 1C also 

have a role in invadopodia as its depletion reduces the number of invadopodia formed in triple-

negative MDA-MB-231 breast cancer cells while high expression in breast cancers is a bad 

prognostic factor as it correlates with increased invasiveness (Castagnino et al., 2018). The 

core invadopodium precursor is formed in 15 to 20 seconds and is highly unstable (Eddy et 

al., 2017).  

3.2.2. Stabilization of the invadopodium core precursor  

 
The precise sequence of invadopodium core stabilization remains unknown. However, the 

recruitment of adaptor protein tyrosine kinase substrate with five SH3 domains Tks5 is crucial 

for invadopodia core initiation and stabilization as its depletion completely abolishes the 

formation of invadopodia (Eddy et al., 2017; V. P. Sharma et al., 2013). Due to its fundamental 

role in invadopodia formation, Tks5 is the most exclusive invadopodia marker identified so far. 

Tks5 (or FISH) is an adaptor protein coded by the SH3PXD2A gene that forms 3 splice 

variants. The protein is composed of three main regions: an N-terminal Phox homology (PH) 

domain that binds to specific membrane phosphoinositides and is present only in the Tks5α 

isoform, five Src homology 3 (SH3 domains), and multiple proline-rich regions (PRR). Tks5β 

and Tks5short differ in the number of amino acids present in the N-ter domain. Tks4 is a related 

protein containing 4 SH3 domains encoded by the SH3PXD2B gene and has a role in 

invadopodia formation albeit not to the same extent as Tks5 (Zagryazhskaya-Masson et al., 

2020).  
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Activation of the PI3K signaling cascade by growth factors and integrin engagement 

during invadopodium initiation also leads to the formation of phosphoinositide-3,4-biphosphate 

(PI(3,4)P2) at the plasma membrane. PI3K phosphorylates phosphoinositide-4,5-biphosphate 

(PI(4,5)P2) in phosphoinositide-3,4,5-triphosphate (PI(3,4,5)P3) which is then 

dephosphorylated by 5’-inositol phosphatase SHIP2 to PI(3,4)P2 (V. P. Sharma et al., 2013). 

Through its PX domain, Tks5 binds to PI(3,4)P2 which brings it closer to the plasma 

membrane. Tks5 first SH3 domain interacts with CDC42-GEF FGD1, the fourth SH3 domain 

binds to N-WASP and finally SRC-mediated TKS5 phosphorylation stimulates its interaction 

with Nck1, allowing the recruitment of Tks5 and stabilization of the invadopodia F-actin core 

precursor (Oikawa et al., 2008; Stylli et al., 2009; Zagryazhskaya-Masson et al., 2020) (Figure 

12). 3D super-resolution microscopy (SRM) in MDA-MB-231 cells embedded in a dense fibrillar 

collagen matrix suggest that at the level of the invadopodia, TKS5α is punctiform and at a 500 

nm distance from the plasma membrane while the cortical actin assembly extends further in 

the invadopodia body (Iizuka et al., 2020). 

 

 

Figure 12: The three stages of invadopodium formation. Initiation starts with Src activation 

downstream of integrin and growth factors signaling and leads to the formation of a core actin 

polymerization complex (N-WASP/Arp2/3/Cofilin/Cortactin) quickly stabilized by Tks5 scaffold 

protein at the adherent plasma membrane. During the assembly maturation step, branched 

actin polymerization promotes the formation of an invasive protrusion which stimulates the 

recruitment of new pools of actin polymerization factors in an auto feedback loop. Maturation 
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of the invadopodia consists in the exocytosis and enrichment of matrix degrading enzymes 

promoting tumor cell invasion (What Mechanisms Drive Invadopodia Extension? | MBInfo, 

n.d.).  

3.3. Maturation and disassembly of invadopodia: TKS5, metalloproteases, 
disassembly 

3.3.1. ECM-degrading proteases and their roles in invadopodia maturation  

 
Invadopodia function requires the ECM degradative abilities of proteases (Figure 12). 

Three superfamilies of matrix proteases have been associated with invadopodia so far: the 

zinc-endopeptidases superfamily containing MMPs and ADAMs proteases, the cathepsin 

proteases found mainly in endo/lysosomal compartments, and the serine proteases enzymes 

containing a histidine-serine-aspartate triad in their catalytic domain and cleaving a wide 

variety of substrates.  

Given their critical role in invadopodia ECM-degrading function, the following chapter will 

be devoted to a detailed description of MMPs (especially MT1-MMP). The ADAMs are a family 

of transmembrane sheddases proteolytically processing cellular and ECM components and 

regulating cell behavior (Díaz et al., 2013). Among the 34 members identified up until now, 

ADAM12 and ADAM19 were found to localize at invadopodia by interacting with Tks5 (Abram 

et al., 2003), and knockdown of ADAM12 severely reduced invadopodia formation (Eckert et 

al., 2017).  

Due to their main localization in acidic endo/lysosomal compartments, cathepsins were 

considered for a long time to mediate the bulk degradation of lysosomal proteins. Recent 

studies found cathepsins in the intracellular milieu influencing cell death and inflammation but 

also exocytosed in the extracellular environment where they mediate the degradation of ECM 

proteins (Sobotič et al., 2015). Cathepsins are classified according to the amino acid present 

in their catalytic site: serine cathepsins (A to G), aspartyl cathepsins (D and E), and cysteine 

cathepsins (B, C, F, H, K, L, O, S, V, W, Z). Lysosomes containing cathepsin B have been 

found to fuse with invadosomes and enhance matrix degradation capacities in v-Src-

transformed fibroblasts (Tu et al., 2008). Finally, among the diverse serine proteases, seprase 

(fibroblast activation protein-a, FAPa) and Dipeptidyl peptidase IV (DPP4) are two of the most 

recognized ECM degrading serine proteases found at invadopodia (Ghersi et al., 2006). 

Recent work using 3D SRM revealed a close association of cathepsins and MMPs with Tks5α 

in the invadopodia, a peculiar position as ECM degradation could be expected to be at the 

advancing tip of the invadopodia. Exosome delivery of these proteases is a hypothesis 

advanced by the authors to explain their unexpected position in the invadopodia (Iizuka et al., 

2020). 
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3.3.2. Disassembly of the invadopodia  

 
While the formation of the invadopodia has been (and still is) extensively studied (see 

above), very little is known about the disassembly and the turnover of invadopodia structures. 

Given the central and fundamental role of the actin dynamics in invadopodia function, studies 

have focused on the role of actin regulators in the disassembly of the invadopodia. Silencing 

of RhoG (a GTPase controlling the actin cytoskeleton) has been shown to increase the number 

of punctiform invadopodia per cell in breast cancer, as well as their lifetime which suggest that 

RhoG is an inhibitor of invadopodia. RhoG phosphorylates paxillin which destabilizes 

invadopodia and promotes its disassembly (Badowski et al., 2008; Goicoechea et al., 2017). 

Several studies pointed to the role of Rac1, another GTPase from the Rho GTPase family and 

revealed that phosphorylation of cortactin (a critical stabilizer of branched actin) by the Rac1-

PAK signaling axis destabilized and dissociated the invadopodia (Moshfegh et al., 2014). 

However, Rac1 and RhoG effects on invadopodia disassembly seem to be context- and cell-

dependent as their activity is required for invadopodia formation in some cell lines while they 

promote invadopodia disassembly in other (Harper et al., 2010; Lin et al., 2014; Moshfegh et 

al., 2014; Nakahara et al., 2003). Cell cycle inhibitor p27Kip1 (CDKN1B) was also shown to 

promote PAK activity and subsequent cortactin phosphorylation, which also lead to 

invadopodia disassembly (Jeannot et al., 2017). A recent study also demonstrated the role of 

phosphatase SHIP1 in dephosphorylation of cortactin and invadopodia disassembly (Varone 

et al., 2021). 
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4.  Matrix metalloproteases  

 

Cells are constantly modifying the ECM and assuring its homeostasis by synthesis, 

degradation, and post-translational modifications of its various components. Matrix remodeling 

is mediated by specific matrix-degrading enzymes as discussed in previous chapters, including 

MMPs. Their dysregulation can lead to various diseases, including cancers. This chapter is 

dedicated to the biology of MMPs with a focus on MT1-MMP, a trans-membrane MMP enriched 

at invadopodia.   

4.1. The biology of matrix metalloproteases and their key role in cell invasion 

4.1.1. Common features of MMPs 

 
The discovery of MMPs dates back to 1962 when Gross and Lapierre found a diffusible, 

soluble principle of the tadpole fin skin that mediated the degradation of a collagen gel and 

participated in the resorption of the tail during its development (Gross & Lapierre, 1962). MMPs 

are now known as a diverse endoprotease subfamily of the metzincin enzyme superfamily that 

have various and critical roles in physiological processes such as embryogenesis, 

morphogenesis, angiogenesis, and wound repair. More than 20 MMPs with a common 

structure are expressed in human cells but they differ in their localization: some MMPs are 

soluble and released in the extracellular space, while some are transmembrane proteases 

(membrane-tethered MMP, MT-MMP).  The first common structural domain of MMPs is the N-

terminal signal peptide which varies in length and allows translocation of the nascently 

translated protease through the ER membrane for secretion.  Pro-MMPs are expressed as 

catalytically inactive zymogens by the interaction of the cysteine thiol group of the prodomain 

and the Zn2+ ion in their active site. Conversion to active MMP required proteolytic cleavage of 

this prodomain by other MMPs. The third common structural feature is the catalytic domain 

(about 160 aa) containing the aforementioned zinc ion. To the exception of MMP-7, -23, and -

26, all MMPs contain an hemopexin-like domain linked to the catalytic domain by a linker of 

variable length (the hinge region). MMPs can cleave a vast diversity of proteins (ECM 

components but also various receptors and other proteases including other MMPs) and the 

substrate specificity is mediated by the hemopexin-like domain. Subsites within the catalytic 

domain can also confer a certain degree of substrate specificity (Tallant et al., 2010). Tissue 

inhibitors of MMPs (TIMPs) are a family of 4 proteins (TIMP-1 to -4) that can selectively inhibit 

MMPs (but also ADAMs and ADAMTs) by forming a stoichiometric 1:1 complex with MMPs. 

Their C-terminal domain binds to the hemopexin domain of some MMPs while their N-terminal 

domain binds and inhibits the catalytic site of MMPs (Bonnans et al., 2014; Laronha & Caldeira, 

2020) (Figure 13).  
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Figure 13: MMPs have a conserved structural core and a wide range of substrates. MMPs are 

formed by an N-terminal signal sequence, an inhibitory pro-peptide domain and the Zinc-

dependent catalytic domain. Most MMPs have an hemopexin-like domain that determines 

substrate specificity (see the wide repertoire of ECM substrates for MMPs). Six MMPs have a 

transmembrane domain (Adapted from Bonnans et al., 2014). 
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4.1.2. Soluble MMPs 

Most MMPs are soluble and exocytosed in the extracellular milieu. Among them, a subset 

of MMPs has been found to be upregulated in breast cancer in association with a poor 

prognosis. Specifically, high expression of MMP-2, -9, -12, -14, and -15 have been defined as 

adverse factors in mammary tumors (H. Jiang & Li, 2021; Joseph et al., 2020; Lodillinsky et 

al., 2016; Rossé et al., 2014; Q. M. Wang et al., 2019). In vitro assays showed that MMP-9 for 

instance could degrade type IV collagen and therefore could potentially promote tumor 

invasion. However, the functional role of these enzymes in tumor progression is complicated 

at best, as depending on the tumor type, progression can be impaired or stimulated in mice 

deficient in MMP-2 or MMP-9 (Martin et al., 2008; Pellikainen et al., 2004; Rowe & Weiss, 

2009). Furthermore, several lines of evidence implicate MT1-MMP in the activation of pro-

MMP-2 via the binding of TIMP-2 (Itoh et al., 2001; Rapti et al., 2006; Ries et al., 2007; Strongin 

et al., 1995).    

Finally, recent evidence points to the roles of MMPs in disease progression independently 

of their proteolytic activity. MMP-1, -2, and -3 were reported to localize at the plasma 

membrane in different cell types, interacting with and activating various cell receptors through 

their hemopexin-like domain (integrins, growth factor receptors, …) (Chetty et al., 2010; 

Conant et al., 2002, 2004; Correia et al., 2013). MMP-9 binds to low-density lipoprotein 

receptor-related protein (LRP-1) in Schwann cells via its hemopexin domain. This interaction 

has been shown to stimulate the pro-migratory ERK/Akt signaling pathway and promote the 

migration of Schwan cells in the peripheral nervous system (Hahn-Dantona et al., 2001; 

Mantuano et al., 2008). These studies fuel the concept of the hemopexin domain emerging as 

a therapeutical target.   

4.2. MT1-MMP: expression, activation zymogen, endocytosis, and exocytosis 
and traffic regulation  

4.2.1. MT-MMPs  

 
Besides soluble MMPs are nine MMPs which are membrane-tethered (MT-MMPs): MMP14 

(MT1-MMP), MMP15 (MT2-MMP), MMP16 (MT3-MMP), and MMP24 (MT5-MMP) are 

anchored to the membrane through a transmembrane domain (TM) followed by a short C-

terminal cytoplasmic tail (around 20 amino acids) that serves as a signaling platform, whereas 

a glycosylphosphatidylinositol (GPI) anchor attaches MMP17 (MT4-MMP) and MMP25 (MT6-

MMP) in glycolipid-enriched membrane domains. Their localization therefore confers exquisite 

control over their dynamics and activity (Turunen et al., 2017).  Like their soluble counterparts, 

MT-MMPs have various and critical roles in physiological and pathological processes. For 

instance, high stromal expression of MT1-MMP in ovarian cancer was associated with 

aggressive features (Kamat et al., 2006). Non-invasive COS cells overexpressing MT1-MMP, 
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MT2-MMP or MT3-MMP acquire basement membrane remodeling and invasive capacities 

(Hotary et al., 2000). The most extensively studied MT-MMP is MMP14 (or MT1-MMP) due to 

its pro-invasive role in cancer.  

MT1-MMP is synthesized as a 72 kDa zymogen and activated during transport to the 

plasma membrane by furin-mediated cleavage of its Pro-domain (Remacle et al., 2006; Yana 

& Weiss, 2000). At the plasma membrane, MT1-MMP can homodimerize through its 

hemopexin domains which induce auto-activatory proteolysis of the inhibitory N-terminal pro-

domain. MT1-MMP has an extensive repertoire of ECM substrates including collagens I to III 

but also fibronectin, vitronectin, gelatin, laminin 1 and 5, and fibrin. Like many MMPs, MT1-

MMP can proteolytically activate other MMPs, such as pro-MMP-2 and pro-MMP-13 (Thakur 

& Bedogni, 2016). The variety in substrates of MT1-MM actually goes beyond ECM 

components as demonstrated by mass spectrometry analysis revealing multiple partners of 

MT1-MMP including members of the tetraspanin family, integrins (α2β1 and αvβ3), and 

hyaluronic acid receptor CD44 (Gálvez et al., 2002; Grafinger et al., 2021; Marrero-Diaz et al., 

2009; Schröder et al., 2013; Suárez et al., 2020a; Thakur & Bedogni, 2016). MT1-MMP-

mediated shedding of LDL-1 receptors was also recently shown to accelerate the development 

of atherosclerosis (Alabi et al., 2021). 

MT1-MMP expression is generally low in adults but is found to be re-expressed in cells 

during specific events, such as in fibroblasts during wound healing or in endothelial cells during 

angiogenesis (Kang et al., 2019; Quintero-Fabián et al., 2019; Yana et al., 2007). Loss of its 

collagenolytic activity in vivo in mice induces a progressive cranial dysmorphism, dwarfism, 

osteopenia, osteoclast-mediated arthritis and fibrosis of the soft tissues which eventually led 

to animal death between 3 and 16 weeks, illustrating the importance of MT1-MMP proteolysis 

activity in ECM remodeling during development (Holmbeck et al., 1999).  

Although gene polymorphism and alterations in gene copy number are relatively rare 

for MT-MMPs, expression of MT1-MMP is upregulated in various epithelial tumors, especially 

in invasive breast and prostate carcinoma (Castagnino et al., 2018; Lodillinsky et al., 2016) 

(Figure 14). MT1-MMP and its high collagenolytic activity are also required for the transition 

from non-invasive to invasive breast tumor in a mice xenograft model (Lodillinsky et al., 2016). 

Once in the stroma, MT1-MMP is also necessary for the invasion of mesenchymal cells in a 

three-dimensional type I fibrillary collagen matrix which is resistant to other proteases such as 

MMP-1, -2, and -8 (Ferrari et al., 2019; Itoh, 2015; Monteiro et al., 2013; Zagryazhskaya-

Masson et al., 2020). MT1-MMP has also been implicated in the infiltration and exfiltration of 

vascular and lymphatic networks which are necessary steps for metastasis formation (Ota et 

al., 2009; Sabeh et al., 2004).  
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Figure 14: The p63/MT1-MMP axis in breast cancer cell invasion. (a, d) Sections of intraductal 

xenografts of DCIS.com tumors immunostained for MT1-MMP (red) or p63 (not shown). Nuclei 

were stained in blue. (a’, b’, c’, d’) Panels show heatmaps of MT1-MMP and p63 expression 

and emphasizes the increased co-expression of p63 and MT1-MMP on the edge of the tumor 

(Adapted from Lodillinsky et al., 2016). 

 

MT1-MMP also functions on other levels to regulate cancer cell growth and invasion 

such as the shedding of diverse membrane bound receptors. Cleavage of CD44 or of protein 

tyrosine kinase-7 (PTK7) at the cell surface can lead to cell migration although the mechanisms 

remain unclear. MT1-MMP also indirectly impinge on cell migration by cleaving laminin 5, 

releasing the ɣ2 matrikine that binds to and activate the EGF receptor (Knapinska & Fields, 

2019; Thakur & Bedogni, 2016). 

MT1-MMP is delivered and enriched in invadopodia structures at the invasion front 

which promotes local, pericellular proteolysis. Binding of MT1-MMP cytoplasmic tail to F-actin 

is thought to anchor the protease to the invadopodia and creates a tight apposition of MT1-

MMP with the ECM components for degradation (Yu et al., 2012). Silencing of MT1-MMP or 

inhibition of its catalytic activity by the broad metalloproteinase inhibitor GM6001 abolishes the 

invadopodia expansion and elongation rates, thus preventing the pushing forces normally 

exerted on the collagen fibers during mesenchymal migration (Ferrari et al., 2019). Due to the 

unfavorable roles of MT1-MMP activity in many pathological situations as aforementioned, the 

regulation of the protease cell surface exposure has been extensively studied. 
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4.2.2. MT1-MMP: example of a regulation of a MT-MMP 

4.2.2.1. Regulation of expression and post-translational modifications  

An increase in MT1-MMP expression is generally a factor of bad prognosis across a multitude 

of cancer types. MMP14 gene is located on chromosome 14q11 and, like most other MMPs, 

consists of 10 exons and nine introns spanning more than 10 kilobases (Lohi et al., 2000). 

Consensus binding sites for transcription factors include specificity protein 1 (Sp1), early 

growth response 1 (Egr-1), and NFkB, but contrary to other MMPs, not AP-1, AP-2, no TATA 

box and no TGF-β inducible element (Haas et al., 1999). Studies investigating the regulation 

of MT1-MMP expression revealed a vast array of factors controlling MMP14 expression 

(Alfonso-Jaume et al., 2004; Haas et al., 1999; Lohi et al., 2000). The p53-family transcription 

factor p63 is necessary for mammary gland development and was reported to induce the 

overexpression of MT1-MMP thus promoting an invasive program in breast DCIS (Lodillinsky 

et al., 2016) (Figure 14). Recently, interleukin-6/JAK/STAT-mediated activation of p53 was 

shown to lead to the stimulation of transcription factor Sp1 and a subsequent increase in MT1-

MMP expression (Cathcart et al., 2016). On the contrary, transcription factor prospero 

homeobox 1 (PROX1) is a negative regulator of MT1-MMP expression, as was demonstrated 

by reduced 3D invasion in spheroids overexpressing PROX1 (Gramolelli et al., 2018).  

 MT1-MMP is also regulated by biochemical post-translational modifications. The most 

important one, already explained above is the proteolysis of the N-terminal pro-domain 

involved in keeping MT1-MMP inactive during the transit in the trans-Golgi compartment. 

MMPs are also inhibited by natural endogenous proteins and MT1-MMP is no exception. TIMP-

2 (and to a lesser extent TIMP-3) is the physiological inhibitor of MT1-MMP and is typically co-

expressed with MMP14 during normal or pathological conditions. The N-terminal domain of 

TIMP-2 binds to the catalytic domain of surface exposed MT1-MMP in a 1:1 molar ratio, leading 

to the binding of pro-MMP2 to the C-terminal of TIMP-2. The MT1-MMP molecule in the 

homodimer whose catalytic site is not obstructed by TIMP-2 cleaves the pro-domain of pro-

MMP-2, releasing an active, soluble MMP-2 in the extracellular space (Itoh, 2015; Valacca et 

al., 2015) (Figure 15). Interestingly, MT1-MMP/TIMP-2 complex also induces the pro-

migratory ERK1/2-AKT pathway although the extracellular context seems to positively or 

negatively modulate this response (Sounni et al., 2010; Valacca et al., 2015).  
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Figure 15: Schematic model of proMMP-2 activation by MT1-MMP. MT1-MMP is secreted to 

the plasma membrane where it homodimerizes with another molecule (steps 1 and 2). 

Endogenous inhibitor TIMP-2 binds one molecule of the homodimer by its N-terminal domain 

while recruiting pro-MMP-2 by its C-terminal domain (steps 3 and 4). The free MT1-MMP 

proteolytically activates pro-MMP-2 and frees active MMP-2 (steps 4 and 5) (Itoh, 2015).  

4.2.2.2. Regulation of MT1-MMP trafficking  

 
Endocytosis of MT1-MMP 

MT1-MMP is rapidly internalized from the cell surface by clathrin-mediated endocytosis 

(CME) on the basis of an interaction between the µ2 subunit of adaptor protein 2 (AP-2) and a 

dileucine motif (L571L572) in the cytoplasmic tail of MT1-MMP (Castro-Castro et al., 2016; Ferrari 

et al., 2019; A. Jiang et al., 2001; Poincloux et al., 2009a; Uekita et al., 2001). The later stage 

of CME is membrane fission and the formation of an endocytic vesicle, mediated by dynamin-

2 GTPase in complex with Endophilin A2 (EndoA2) protein. Recent work illustrated that 

tyrosine phosphorylation of Endo A2 (Y315) by focal adhesion kinase (FAK)/Src signaling axis 

alters the formation of dynamin-2/EndoA2 complex and leads to a decrease in MT1-MMP 

endocytosis rate and increase ECM degradation (Wu et al., 2005). The metastasis-suppressor, 

nucleoside disphophate kinase (NDPK) NME1 has been shown to interact and fuel dynamin 2 

with high levels of GTP requires for CME (Boissan et al., 2014). Silencing of NME1 in 

MCF10DCIS.com cell line was shown to reduce MT1-MMP internalization rate and increase 

its surface exposure which was correlated with the acceleration of the switch from DCIS to IDC 

in a NME1-KO intraductal xenograft model (Lodillinsky et al., 2021) (Figure 16).  
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Figure 16: Anti-correlation of NME1 and MT1-MMP in breast tumors. Immunohistochemistry 

stainings of NME1 and MT1-MMP on sections of (A) In situ or (B) invasive human breast 

cancers. Downregulation of NME in invasive tumors inhibits the CME of MT1-MMP and 

promotes the invasive phenotype (Adapted from Lodillinsky et al., 2021). 

 

Cargo endocytosis can also occur through flotillins which can, when upregulated, induce 

caveolin- and clathrin-independent invaginations of the plasma membrane.  Upregulation of 

flotillins in carcinoma and sarcoma cells induced MT1-MMP surface clearance by Rab5-

dependant endocytosis and participated in the recycling of MT1-MMP from the plasma 

membrane to the endolysosomal compartment and its polarized secretion to invadopodia, thus 

stimulating ECM degradation (Planchon et al., 2018).  

Reports documenting the association of phosphorylated caveolin with the cytoplasmic tail 

of MT1-MMP suggest that surface levels of MT1-MMP could be regulated by caveolae-

dependent endocytosis (Annabi et al., 2001; Gálvez et al., 2004; Labrecque et al., 2004; 

Yamaguchi et al., 2009a). However, there are discrepancies in the several functional studies 

of caveolae-mediated MT1-MMP endocytosis and its consequences on tumor progression 

(Castro-Castro et al., 2016; T. M. Williams et al., 2004; Yamaguchi et al., 2009b). 

The cytoplasmic tail of MT1-MMP has also been reported to interact with proteins of the 

ezrin radixin moesin (ERM) family which are organizers of the cell cortical actin and place MT1-

MMP in tetraspanin-enriched microdomains (TEM) although the molecular mechanisms of this 

localization regulation remain to be elucidated (Suárez et al., 2020b).  

At the cell surface MT1-MMP is rapidly bound by TIMP-2, which has been shown to 

promote its internalization. In the acidic endolysosomal compartment, the proteolytically-

inactive dimeric complex MT1-MMP/TIMP-2 can be dissociated in order to form an active 

protease that can be recycled back to the invadopodia (Maquoi et al., 2000; Poincloux et al., 

2009b; Zucker et al., 2004).  

 

Exocytosis of MT1-MMP to invadopodia 

 Delivery of neosynthesized MT1-MMP to invadopodia follows the classic secretion 

route (ER to Golgi to the plasma membrane). Data also support the notion that MT1-MMP is 
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rapidly internalized from the invadopodia and stored in the endolysosomal compartment (see 

above). Upon invadopodia formation, a fraction of endosomal MT1-MMP is exocytosed to the 

invadopodia.  

Extensive studies involved the Rab-7 GTPase-, and soluble N-ethylmaleimide-sensitive 

factor attachment protein receptors (SNARE) protein VAMP-7-positive late 

endosomal/lysosomal (LE) compartments in MT1-MMP recycling pathways. These vesicle-

associated proteins were found to be critical for the recycling of MT1-MMP to the invadopodia 

and to breast cancer invasion (Chevalier et al., 2016; Linder & Scita, 2015; Miyagawa et al., 

2019; Monteiro et al., 2013; Pedersen et al., 2020a; Rossé et al., 2014; Steffen et al., 2008; K. 

C. Williams & Coppolino, 2011). Other Rab GTPases such as Rab8, Rab4 and Rab5A have 

been identified to be important circuitries depending on the tumoral context. Lastly, Rab2A was 

found to be elevated in breast cancers and was shown to associate with vacuolar protein 

sorting 39 (Vps39), a key component of the LE. This binary axis controlled post-endocytic 

trafficking of membrane-bound MT1-MMP, ECM degradation and invasion of breast cancer 

cells  (Kajiho et al., 2016). 

LE compartments are characterized by discrete branched actin dots nucleated by WASH 

and Arp2/3 complex and stabilized by cortactin. Although the functions of these endosomal 

actin domains are still elusive, they are abolished by silencing of Wiskott-Aldrich syndrome 

protein and Scar homolog (WASH, a member of WASP family) or of Arp2/3 which disrupts the 

delivery of endosomal MT1-MMP to invadopodia and inhibits ECM degradation (Castro-Castro 

et al., 2016; Monteiro et al., 2013). Along the same line, disrupting cortactin phosphorylation 

(which is necessary for the stabilization of this endosomal actin network) by atypical protein 

kinase C iota (aPKCι) silencing led to the enlargement of the actin dots and also impaired MT1-

MMP trafficking to the endosomes (Rossé et al., 2014). The WASH complex is recruited on 

the LE compartment by the retromer complex, a heterotrimeric complex composed of Vps35, 

Vps26, and Vps29 with a crucial role in controlling the sorting and recycling of various 

transmembrane cargoes. The retromer complex itself is recruited to the LE compartments by 

Rab7A and the sorting nexin family (SNX) proteins. Super-resolution 3D structured illumination 

microscopy analysis demonstrated the presence of submicrometric domains of SNX27 and 

Vps26 at the surface of MT1-MMP-GFP-positive endosomes, and GST pull-down assays 

confirmed that the cytoplasmic tail of GST-MT1-MMP interacted with SNX27 and Vps26. 

Disrupting Vps26-SNX27 interaction using an SNX27 mutant showed reduced MT1-MMP 

surface exposure and ECM degradation, illustrating the role of the retromer-SNX27 axis in the 

recycling of MT1-MMP and retaining its proteolysis activity. Interestingly, depletion of SNX27 

in a breast cancer xenograft model was enough to delay metastasis and prolong survival 

compared to control (P. Sharma et al., 2020). 
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The microtubule cytoskeleton network supports the bidirectional mobility of LE using two 

types of molecular motors that bind vesicles: the dynein/dynactin complex migrating towards 

the negative end of microtubules (towards the centrosome) and the kinesin protein family 

migrating towards the positive-end of microtubules (located mostly at the plasma membrane). 

Kinesins and dynein are controlled by c-Jun N-terminal kinase (JNK)-interacting proteins 3 and 

4 (JIP3, JIP4) which are recruited by WASH to MT1-MMP-positive LE (Bowman et al., 2000; 

Marchesin et al., 2015; Monteiro et al., 2013; Watt et al., 2015). The switching of JIP3 and JIP4 

between controlling kinesins or dynein is mediated by the activity of small GTPase Arf6 

(Montagnac et al., 2009). Immunohistochemistry (IHC) staining of Arf6 in TNBC revealed an 

increase of the GTPase at the plasma membrane of tumor cells which was significantly higher 

in the invasive components of IDC compared to non-invasive components. Similarly, the 

expression of kinesin-1 subunit KIF5B was increased in high-grade TNBC. Depletion of Arf6, 

JIP3 or JIP4 in breast cancer cells induced a perinuclear accumulation of MT1-MMP-positive 

endosomes, a decrease in matrix degradation and an inhibition of invasion in a model of tumor 

spheroids embedded in 3D fibrillar collagen (Marchesin et al., 2015) (Figure 17).  

 

 

Figure 17: Arf6 controls the positioning of MT1-MMP-positive endosomes. Inverted still images 

of mCherry channel of live microscopy of MDA-MB-231 cells expressing KIF5B-YFP and MT1-

MMPmCherry and treated with control or Arf6 siRNA. The sur-expression of Kif5B dramatically 

scattered MT1-MMP-positive endosomes to the cell periphery in control cells, while upon 

knock-down of Arf6, the endosomes remain perinuclear (Adapted from Marchesin et al., 2015). 

 

Recent evidence points to a control of the anterograde MT1-MMP-positive LE translocation 

to the invadopodia by the Protrudin pathway. The transmembrane endoplasmic reticulum (ER) 

Protrudin protein interacts with endosomal PI(3)P and RAB7 resulting in the formation of ER/LE 

contact sites. Kinesin-1 is then transferred from Protrudin to endosomal kinesin-1 adaptor 
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FYCO1. Once the ER/LE contact site is abrogated, the kinesin-1-loaded vesicle translocates 

and docks to the invadopodia. Depletion of Protrudin in MDA-MB-231 cells impairs MT1-MMP 

exocytosis and inhibits matrix degradation (Pedersen et al., 2020b). 

Endosomal-associated WASH can mediate the recruitment of the exocyst complex, a 

highly conserved octameric protein complex that tethers secretory vesicles to the cell surface 

before subsequent membrane fusion mediated by the SNAREs (Mei & Guo, 2018). Silencing 

of exocyst subunit Exo84 was sufficient to perturb the endosomal actin dots and resulted in 

perinuclear accumulation of MT1-MMP-positive LE (Sakurai-Yageta et al. 2008)(Monteiro et 

al., 2013). 

Based on these data, a hypothetical model emerged whereby the Protrudin pathway, the 

retromer, and exocyst complexes mediate the transport and docking of MT1-MMP-positive 

endosomes to the plasma membrane. Arf6-GTP, enriched in the invadopodia, binds to JIP3 

and JIP4 and, together with WASH and SNARE protein (mainly VAMP7) induces the tubulation 

of the endosomes and subsequent transport of MT1-MMP to the surface (Castro-Castro et al., 

2016; Derivery et al., 2009; Monteiro et al., 2013; van Weering et al., 2012). Indeed, live-cell 

microscopy reveals that the MT1-MMP-positive endosomes remain anchored to the 

invadopodia for several minutes and that they do not collapse, nor do they fuse completely 

with the plasma membrane (Monteiro et al., 2013). Detachment of the endosome from the 

invadopodia is thought to be controlled by hydrolysis of GTP by Arf6 as Arf6 depletion induces 

a striking perinuclear clustering of MT1-MMP-positive endosomes (Marchesin et al., 2015). 

Finally, chloride intracellular channel 3 (CLIC3) silencing in breast cancer cells MDA-MB-231 

and MCF10DCIS.com cells reduced matrix degradation and invasiveness (Macpherson et al., 

2014). The authors found that MT1-MMP recycling from the late endosome/lysosomal 

compartment to plasma membrane/ECM contact sites in a CLIC3-dependent fashion. 

 

Data also support the notion that exosome exocytosis could be an alternative mechanism 

whereby MT1-MMP is secreted in the extracellular space (Clancy et al., 2015; Hakulinen et al., 

2008). Inward budding of the LE result in the formation of a multivesicular body (MVB) which 

is a vesicle containing smaller (50 to 100 nm) exosomes positive for docking markers such as 

Rab27 or CD63 (Ostrowski et al., 2009). Fusion of the MVB with the plasma membrane 

releases the exosomes in the cell environment. In head and neck squamous carcinoma cells 

(HNSCC), Rab27a- and CD63- positive endosomes were found in transient association with 

some invadopodia markers and depletion of Rab27a decreased 2D matrix degradation as well 

as 3D invasion. The contribution of this alternative exosome-dependent invadopodia function 

to the cell invasion program compared to the canonical process of LE exocytosis at the 

invadopodia has yet to be defined and although the idea of an extension of MT1-MMP modes 

of action is exciting, the depletion of Rab27A has also been shown to reduce the rate of 
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recycling of MT1-MMP from the plasma membrane and increase matrix degradation 

(Macpherson et al., 2014).  

 

4.3. In vitro reconstitution of ECM to assess their alteration by invading 
tumor cells 

 
The importance of the ECM in the most fundamental cellular processes has inspired 

researchers to develop in vitro reconstituted matrices in order to study the impact of the ECM 

on cell and tissue behavior.  

Matrigel is the trade name from Corning Life Science referring to a solubilized basement 

membrane-like matrix secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, a 

tumor rich in collagen IV, laminin, heparan sulfates and other ECM components found in 

basement membrane, as well as growth factors. Under temperatures of 22-37°C, Matrigel 

forms a hydrogel of cross-linked ECM components. As such, Matrigel has been used for more 

than four decades as a basement membrane-mimicking ECM to study a variety of cell functions 

in vitro but presents severe limitations. Matrigel composition is ill-defined and variable between 

batches raising uncertainty in cell culture results and reproducibility. It was also reported that 

collagen IV in Matrigel is not properly cross-linked (Rowe & Weiss, 2008a). Furthermore, at 

the molecular level batch-dependent but also within a single layer of Matrigel, stiffness 

variations have been observed which can alter mechanosignaling pathways as well as matrix 

degradation (Aisenbrey & Murphy, 2020).  

Gelatin is produced by heat and enzymatic denaturation of (type I) collagen-rich organic 

constituents (most often porcine skin). Thus, gelatin molecular composition is very similar to 

type I collagen although it does not have the complex helicoidal fibrillar organization. Cells 

plated on a thin layer of fluorescently-labeled cross-linked gelatin develop discrete dot-like 0.5-

1 m diameter F-actin-, cortactin- and Tks5-positive structures located mainly underneath the 

nucleus. Loss of gelatin fluorescence associated with these cellular structures correspond to 

matrix degradation (Artym et al., 2011; Cambi & Chavrier, 2021). The thin layer of gelatin is a 

matrix mimick that has been widely used to monitor the cell matrix-degradation activity. It is 

also the least expensive, easy to use matrix substratum with high reproducibility. However, to 

study invasion or migration, this 2D matrix construct is not suitable.  

Although bidimensional environments were useful in understanding some cell functions, 

the aforementioned research shows that the cues from the tridimensional cell environment are 

major regulators of cell behavior. Type I collagen is the most abundant protein in the stroma 

and thus collagen extracts have been commonly used as reconstituted ECM. Acid-extracted 

collagen from rat tail tendon is relatively pure and can re-polymerize at neutral pH into a cross-

linked network of fibrillar collagen (Ferrari et al., 2019; Infante et al., 2018; Monteiro et al., 
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2013; Zagryazhskaya-Masson et al., 2020). Embedding cells or spheroids in type I collagen to 

recapitulate a 3D environment is a widespread study to monitor cell invasion capacities 

(Marchesin et al., 2015) (Figure 18). Antibodies have been developed to monitor the cleavage 

of the collagen fibers allowing the study of the effects of matrix metalloproteases such as MT1-

MMP (Ferrari et al., 2019; Lodillinsky et al., 2021; Zagryazhskaya-Masson et al., 2020) (Cf. 

Annexe 3). Furthermore, the biophysical properties of the reconstituted matrix can be modified 

by altering the polymerization step and were shown to affect cell behavior. Widening matrix 

pore sizes by reducing the polymerization temperature was shown to decrease collagen 

degradation but did not affect the speed of cell invasion compared to control polymerization 

temperatures, suggesting that matrix pore size can influence the mode of 3D invasion 

(degradation-dependent mesenchymal invasion vs non-degradative amoeboid mode) (Infante 

et al., 2018).  

 

Figure 18: Reconstituted ECM. MDA-MB-231 cells expressing TKS5GFP (green) plated on a 

fluorescently-labeled matrix (magenta). Matrix is gelatin in the left panel and 2D or 3D fibrillar 
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type I collagen in the right panel. Higher magnification of the boxed region and schematic 

representation is shown in the insets. Dotted line, cell contour. The strengths and weaknesses 

of each matrix are listed. 
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5.  Tumoral metabolic reprogramming and mTOR signaling pathway 

5.1. mTOR signaling pathway  

5.1.1. The sTORy behind mTOR discovery  

 
The discovery of the TOR (target of rapamycin) pathway begins in 1964 with Geordes 

Nógrády, a microbiology researcher who was trying to understand how the inhabitants of the 

Easter Island (also known as Rapa Nui) could walk barefoot on the island without contracting 

tetanus. He collected soil samples and gave them to Aryest Pharmaceuticals (now Pfizer) 

where scientists managed to extract a macrolide with antifungal activity from the bacterium 

Streptomyces hygroscopicus, which they aptly named rapamycin in homage to the island. 

Although this compound was found to have exciting and incredible anti-tumoral properties, its 

mechanisms of action remained elusive. Research groups led a hunt to characterize the 

cellular target of rapamycin, including the group of Michael Hall at the Biozentrum of the 

University of Basel who used genetic screens to identify genes conferring resistance to 

rapamycin in Saccharomyces cerevisiae. He cloned two genes, TOR1 and TOR2 (for Target 

of Rapamycin), while Stuart Schreiber (Harvard University, USA), David Sabatini (John 

Hopkins University, USA), and Robert Abraham (Mayo Clinic, USA) managed to find its 

mammalian counterparts which they aptly termed mammalian TOR, or mTOR (“A Long and 

Winding STORy,” 2017). 

5.1.2. The mTOR serine threonine kinase nucleates mTORC1 and mTORC2 

5.1.2.1. mTOR kinase 

 
mTOR is a 289-kDa protein exhibiting common ancestry with the members of the 

phosphoinositide-3 kinase (PI3K)-related kinase (PIKK) family of atypical protein kinases 

whose members (such as ATM or ATR) are involved in the control of cell cycle, cell growth 

and DNA damage. However, mTOR has no known lipid substrate but rather possesses a 

serine/threonine protein kinase activity. Yet, its structure is homologous to the five other 

mammalian PIKKs, with a multitude of tandemly repeated HEAT motifs in its N-terminal region, 

a middle FAT (FRAP/ATM/TRRAP) domain thought to mediate interactions in multiprotein 

complexes and the PIKK catalytic domain in the C-terminal region. The FKBP-rapamycin 

binding (FRB) domain is located between the FAT and the PIKK regions (Battaglioni et al., 

2022; Yang et al., 2013). Rapamycin forms an inhibitory ternary complex with the FK506-

binding protein 12 (FKBP12) and the FRB domain of mTOR, an interaction that resulted in the 

other name of mTOR, FKBP12-rapamycin associated protein (FRAP) (Figure 19).  mTOR 

nucleates two distinct complexes, mTORC1 and mTORC2 with distinct inputs and downstream 

effects, which will be further detailed in the following sections (Battaglioni et al., 2022; Yang et 

al., 2013).  
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Figure 19: Schematic structure of mTOR kinase. mTOR presents distinct PIKK kinase domains 

such as HEAT repeats, interaction-mediating FAT domains, regulatory FRB domain, and 

catalytic kinase domain (Ilha et al., 2018). 

5.1.2.2. mTORC1 

 
The mTOR protein can form an heterotrimer with mammalian lethal with SEC13 protein 

8 (mLST8), and the defining subunit of the mTORC1 complex named regulatory-associated 

protein of mTOR (RAPTOR). Dimerization of this trimer results in the formation of mTORC1 

(Battaglioni et al., 2022). The exact function of mLST8 is unclear as mLST8-knockout embryos 

die at day 10.5, suggesting that mLST8 may not be critical for mTORC1 function (Guertin et 

al., 2006). RAPTOR targets mTORC1 to the surface of the lysosomes and is also responsible 

for binding some substrates of mTORC1 via their TOR signaling (TOS) motif (Antonia et al., 

2019; Aylett et al., 2016; Schalm et al., 2003). Raptor knock-out mice die at day 3.5, illustrating 

its importance in mTORC1 function. Proline-rich Akt substrate of 40 kDA (PRAS40) is an 

endogenous inhibitor of mTORC1 that competes with other substrates by binding the 

mTOR/RAPTOR complex via its TOS motif and inhibits downstream signaling (Battaglioni et 

al., 2022). The last component of mTORC1 complex is DEP domain-containing mTOR-

interacting protein (DEPTOR), a potentially endogenic allosteric inhibitor that binds directly to 

mTOR. Until recently, the mechanism of action of DEPTOR was elusive but its implication in 

cancer progression, obesity, and immunodeficiency fueled interest, and recently, two 

independent studies delivered cues to the mechanism by which DEPTOR regulates mTORC1 

activity. A high concentration of DEPTOR could only inhibit half of the mTORC1 kinase activity, 

suggesting that DEPTOR is a partial inhibitor of mTORC1. Furthermore, cryo-electron 

microscopy analysis of the mTORC1/DEPTOR complex revealed a bipartite binding mode 

where the PDZ domain of DEPTOR is anchored to mTOR FAT domain and facilitates the 

binding of DEPTOR N-terminal tandem DEP domain region (DEPt), thereby hindering 

mTORC1 activity (Heimhalt et al., 2021; Wälchli et al., 2021). Interestingly, DEPTOR and 

PRAS40 are both substrates of mTOR and direct phosphorylation reduces their physical 
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interaction which further activates mTORC1. mTORC1 integrates and responds to growth 

factors and amino acid signals, energy status, and oxygen levels. In response to these stimuli, 

active mTORC1 stimulates anabolic processes such as proteins, lipids, nucleic acid and 

organelles biosynthesis while repressing catabolic processes such as autophagy and 

lysosomal function, leading to cell growth and proliferation (Laplante & Sabatini, 2012; Yang 

et al., 2013). As such, mTORC1 is implicated in many diseases, including cancer progression 

in which mTORC1 signaling is often dysregulated, which justifies the following chapter solely 

dedicated to understanding the molecular mechanisms controlling mTORC1 signaling.  

5.1.2.3. mTORC2  

 
The mTORC2 complex is composed of mTOR, mLST8, DEPTOR, rapamycin-insensitive 

companion of mTOR (RICTOR), and mammalian stress-activated map kinase-interacting 

protein 1 (mSIN1). mSIN1 and RICTOR are the defining subunits of mTORC2. mSIN1 contains 

a CRIM region in the middle of its structure which is important to recruit mTORC2 substrates 

and a C-terminal phox-homology (PH) domain which inhibits mTOR but is also important to 

tether mTORC2 to the cell membranes. A recent study demonstrated that mLST8 properly 

positioned the CRIM domain in mTORC2, revealing a mTORC2-specific function of mLST8. 

Although the function of RICTOR is unknown, its yeast homolog AVO3 is required for mTORC2 

tethering to the plasma membrane (Battaglioni et al., 2022; G. Y. Liu & Sabatini, 2020; Saxton 

& Sabatini, 2017).  

Activation of PI3K in response to growth factors initiates the production of a local pool of 

PI(3,4,5)P3. The binding of mSIN1 to PI3P via its PH domain releases the auto-inhibition on 

mTOR and recruits mTORC2 to the membrane, bringing it closer to membrane-bound 

mTORC2 substrates, such as Akt. Phosphorylation of Akt on Ser473 is a potent stimulator of 

mTORC1. Although mTORC2 was also found on organelles such as the ER, the Golgi 

apparatus, or mitochondria, it is not yet understood how it is recruited and activated there (Betz 

& Hall, 2013). mTORC2 is also negatively regulated by mTORC1 in a negative feedback loop. 

Activated mTORC1 can phosphorylate insulin receptor substrate 1 (IRS1) or growth factor 

bound-receptor protein 10 (GRB10) which both inhibit insulin signaling but can also indirectly 

stimulates the phosphorylation of RICTOR and mSIN1, leading to mTORC2 disassembly 

(Lamming et al., 2012; Sarbassov et al., 2006).  

In contrast to mTORC1, for which many upstream signals and cellular functions have been 

defined (see below), relatively little is known about mTORC2. Three mTORC2 substrates have 

been extensively studied: AKT, serum- and glucocorticoid-induced protein kinase 1 (SGK1), 

and protein kinase Calpha (PKCa), which all belong to the AGC kinase family (Baffi et al., 

2021). As such, they have similar structures, with a T-loop in their kinase domain and a 

hydrophobic motif (HM) in their C-terminal region. Full activation of these proteins required two 
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phosphorylation events on serine threonine residues: one in the HM region by mTORC2 and 

one in the T-loop region by phosphoinositide-dependent kinase 1 (PDK1). mTORC2 is 

implicated in cell survival, metabolism, and proliferation mostly via AKT. AKT and SGK1 both 

phosphorylate and inhibit the transcription factors FoxO1 and FoxO3 involved in the control of 

genes pertaining to stress resistance, metabolism, cell-cycle arrest, and apoptosis. 

Furthermore, the knock-down of mTORC2 leads to the perturbed actin cytoskeleton. Although 

the molecular mechanisms have yet to be elucidated, independent studies suggest that 

mTORC2-mediate control of the actin cytoskeleton via phosphorylation of PKCa and paxillin 

and by promoting GTP loading of RhoA and Rac1 (Fu & Hall, 2020).  

5.1.3. Regulation of mTORC1 signaling/Upstream cues  

 
The mTORC1 pathway is a complex signaling network integrating multiple cues. The 

pathway itself is typically made of several layers or regulatory elements. The first layer consists 

of the external environmental cues that impact the activity of sensors (which is the second 

layer). These sensors regulate the third layer made of GTPase activating proteins (GAPs) and 

guanine nucleotide exchange factors (GEFs). By definition, GEFs and GAPs can modulate the 

activity of specific GTPase proteins (the fourth and final layer) by promoting the hydrolysis of 

GTP or exchanging a GDP with a GTP.  Finally, the GTPases can activate or repress mTORC1 

activity. 

5.1.3.1. Growth factors  

Growth factors and other mitogens are often considered as proxies for broader 

metabolic signals and by acting upstream of mTORC1, they regulate cell, tissue, and organ 

metabolism to respond to diverse local and/or systemic cues. Tyrosine kinase receptors are 

activated by insulin or other growth factors on the cell surface and stimulate the production of 

a pool of PI3P via the activation of PI3K. PDK1 and AKT both bind to PI3P and phosphorylates 

AKT is activated by PDK1-mediated phosphorylation on Thr-308. 

One of the most important regulators of mTORC1 activity is the tuberous sclerosis 

complex (TSC) which is composed of TSC tumor suppressors, TSC1 and TSC2, and Tre2-

Bub2-Cdc16-1 domain family member 7 (TBC1D7) (Antonia et al., 2019; Dibble et al., 2012; 

Inoki et al., 2003; Yang et al., 2021). TSC1 acts as a scaffold for TSC2 and TBC1D7 to stabilize 

the complex while TSC2 acts as a GAP for the Ras homolog enriched in brain (RHEB) 

GTPase, converting catalytically active Rheb-GTP to inactive Rheb-GDP. Although the 

mechanisms remain to be defined, data suggest that under growth factor withdrawal, the TSC 

complex stimulates GTP hydrolysis by lysosomal membrane-bound Rheb, leading to mTORC1 

inactivation. Growth factors lead to the phosphorylation of TSC2 by AKT which stimulates the 

dissociation of TSC from the lysosomal compartment and allows Rheb-GTP loading required 
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for mTORC1 activity (Demetriades et al., 2016; Menon et al., 2014) (Figure 20). Cryo-electron 

microscopy revealed that Rheb binds distally to the mTOR kinase site and has allosteric effects 

by realigning amino acids in the kinase active site, leading to its activation (Chao & Avruch, 

2019).  

 

 

Figure 20: The TSC complex inhibits mTORC1 signaling. The tuberous sclerosis complex is a 

heterotrimer of TSC1 scaffolding TSC2 and the Rheb GTPase GAP TBC1D7. Rheb-GTP is a 

potent activator of mTORC1. Under growth factors starvation, TSC inhibits Rheb by promoting 

GTP hydrolysis. However, in nutrient repletion conditions, the active Akt phosphorylates and 

inhibits TSC, leading to Rheb GTP loading and activation of mTORC1 activity (Moavero et al., 

2022).  

 The importance of TSC in the regulation of cell size and cell growth via mTORC1 is 

illustrated by the tuberous sclerosis complex, a syndrome characterized by mutations in the 

TSC1 and TSC2 genes leading to unrestrained mTORC1 activity and the growth of 
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hamartomas (brain, kidney, lung, skin, …) (Crino et al., 2006). Mice with TSC1 mutations had 

disorganized cerebral cortical layers, thick dermal layer and reduced hypodermal layer of the 

skin, and enlarged polycystic kidneys (Liang et al., 2014). Interestingly, knock-out of mTORC1 

substrate p70 S6 kinase in TSC1 deficient mice reduced cyst formation in the kidney (Bonucci 

et al., 2020). 

5.1.3.2. Nutrient availability  

 
The regulation of mTORC1 by amino acids is mediated by the four Ras-related 

GTPases (Rag) RagA, RagB, RagC, and RagD. Unlike canonical GTPases, the Rags form 

obligatory heterodimers (RagA/RagC or RagB/RagD) with an active conformation wherein 

RagA or RagB are in a GTP-bound state while RagC or RagD are in a GDP-bound state. The 

binding of GTP to one subunit induces intra- and inter-subunit conformational changes that 

prevent the dissociation of the prebound GTP while inhibiting the binding of a second GTP to 

the other subunit (Condon & Sabatini, 2019; Shen & Sabatini, 2018; Takahara et al., 2020). 

The Rags lack a lipid-targeting signal and are recruited to the lysosomes by the Ragulator 

complex, consisting of p18 (LAMTOR1), p14 (LAMTOR2), MP1 (LAMTOR3), HBXIP 

(LAMTOR4) and C7orf59 (LAMTOR5). LAMTOR1 is a critical scaffolding protein as it wraps 

around the other LAMTORs and anchors the complex to the lysosomal membrane via its N-

terminal myristoyl and palmitoyl groups (de Araujo et al., 2017). Rags bind to Ragulator via 

their C-terminal roadblock domains and, in their active conformation, recruit mTORC1 to the 

lysosome where mTORC1 encounters and is activated by Rheb (Egri & Shen, 2021).  

mTORC1 senses both cytoplasmic and lysosomal AA concentrations through distinct 

mechanisms. The GAP activity towards the Rags 1 (GATOR1) complex is a heterotrimer 

composed of DEP-domain containing-5 (DEPDC5), nitrogen permease relatedlike 2 (NPRL2) 

and NPRL3. NPRL2 possesses a poorly characterized GAP activity promoting the inactive 

RagA(B)GDP conformation thereby inhibiting mTORC1. GATOR2 is another pentameric 

complex composed of WDR59, WDR24, MIOS, SEH1L, and SEC13 that can bind and 

completely antagonize GATOR1 through unknown mechanisms (Bar-Peled et al., 2013). The 

regulation of GATOR1-GATOR2 interaction involves the cytoplasmic leucine sensors Sestrin2 

and Sar1B and arginine sensor Castor1. When cytoplasmic leucine and arginine levels fall, 

Sestrin2 and Castor1 bind and inhibit GATOR2, thereby releasing the inhibition on GATOR1. 

(Saxton, Chantranupong, et al., 2016; Saxton, Knockenhauer, et al., 2016) (Figure 21 and 

22). Interestingly, Sar1B binds leucine with a higher affinity than Sestrin2 and thus requires 

lower levels of leucine to release GATOR2. Sar1B and Sestrin2 bind GATOR2 on distinct sites, 

suggesting a possible interplay between Sar1B and Sestrin2 (Battaglioni et al., 2022; J. Chen 

et al., 2021). The large KICSTOR complex, consisting of the proteins KPTN, ITFG2, C12orf66, 

and SZT2, tethers GATOR1 to the lysosome and is required for RagA/B and mTORC1 
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inhibition (Wolfson et al., 2017). Finally, the S-adenosylmethionine (SAM) sensor upstream of 

mTORC1 (SAMTOR) is an activator of GATOR1. High levels of SAM are directly sensed by 

SAMTOR and lead to the dissociation of SAMTOR-GATOR1, thereby inhibiting GATOR1 and 

activating mTORC1 (Figure 22). GTP loading on RagB is also promoted by alpha-

ketoglutarate produced during glutaminolysis (Battaglioni et al., 2022).  

 

 

Figure 21: GATOR-mediated regulation of mTORC1 activity. GATOR1 complex promotes the 

inactive RagAGDP conformation through its GAP activity. GATOR1 is inhibited by a physical 

interaction with GATOR2. Under leucine or arginine starvation the association of GATOR1 and 

2 is disrupted by Sestrin1/2 and Castor1 which bind GATOR2 thereby promoting GATOR1-

mediated mTORC1 inactivation. Leucin inhibits Sestrin1/2 while arginine binds to Castor1, 

lifting the inhibition of GATOR2 and stimulating mTORC1 activity. Lysosomal arginine is also 

sensed by SLC38A9 transmembrane protein which is a GEF for RagA and promotes the 

binding of GTP to RagA and the activation of mTORC1 activity (Chantranupong et al., 2016).  

 

The folliculin (FLCN) protein contains a differentially expressed in normal and 

neoplastic cells (DENN) domain that places it within a family of proteins with GEF activity for 

Rab GTPases (Schmidt & Linehan, 2018). In fact, FLCN rather acts as a GAP for RagC and 

RagD thereby controlling mTORC1 activity. FLCN is in a heterodimeric complex with either 

FLCN-interacting proteins 1 or 2 (FNIP1/2). A dimer of this heterodimer results in an active 

FLCN-FNIP complex (Shen et al., 2019). FLCN loss-of-function mutation in Birt–Hogg–Dubé 

syndrome results in a non-canonical dimer of RagAGTP-RagCGTP that paradoxically promotes 
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hyperactivation of mTORC1 (Napolitano et al., 2020). Structural data support the notion that 

only the RagA(B)GTP conformation is necessary for mTORC1 recruitment to the lysosome with 

a lesser contribution of the nucleotide-binding state of RagC(D), which could be consistent with 

data why mTORC1 would not be inactivated in a of RagAGTP-RagCGTP conformation (Lawrence 

et al., 2019; Wada et al., 2016). 

 

The Ragulator complex is critical for anchoring the Rag GTPases to the lysosomal 

membrane, but they also possess a GEF activity. Early experiments suggested that Ragulator 

was a GEF for RagA and RagB, but recent biochemical studies have demonstrated that 

Ragulator relieves GTP from RagC upon AA stimulation. Solute carrier family 38 member 9 

(SLC38A9) is a lysosomal multipass transmembrane protein with a large cytoplasmic N-

terminal domain binding to the Rag-Ragulator complex. Data from enzymatic kinetic assays 

based on purified proteins suggest that SLC38A9 is a sensor for lysosomal arginine and acts 

as a GEF for RagAGDP, effectively catalyzing the release of GDP and loading of GTP on RagA. 

Interestingly, even if SLC38A9 is activated by lysosomal amino acids, the absence of 

cytoplasmic arginine or leucine would result in the activation of GATOR1 and conversion of 

RagAGTP to a GDP-bound form. This futile cycle would prevent mTORC1 activation without 

sufficient amino acids (Shen & Sabatini, 2018).  

 

It is widely accepted that the Rag and Rheb GTPases define the two arms of a two-

pronged mechanism that converge to activate mTORC1, wherein the Rags recruit mTORC1 

to the lysosomal surface where it encounters Rheb which licenses the kinase activity of mTOR 

(Figure 22). Along this line, a recent study reported that low growth factors and reduced 

PI3K/AKT activity were sufficient to reduce mTORC1 activity but not to dissociate mTORC1 

from the lysosome. In these conditions, local production of PI(3,4)P2 in the lysosomal 

membrane recruited 14-3-3ɣ proteins which bind and inhibited Raptor (Marat et al., 2017). 

However, interconnections in these two (AA and growth factors) signaling branches have been 

reported. Under AA starvation, TSC2 was shown to be recruited by the inactive Rag GTPases 

and mediate the inhibition of mTORC1 activity by stimulating the hydrolysis activity of RhebGTP. 

Cells lacking TSC2 and deprived of amino acids retained partial mTORC1 activity and 

mTORC1 lysosomal localization. Therefore, to completely dissociate TSC from the lysosomes 

and full activate mTORC1, both amino acids and growth factors must be present (Demetriades 

et al., 2014).  
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Figure 22: Schematic representation of mTOR signaling pathway. Upstream of mTORC1, 

growth factors regulate the PI3K/AKT/TSC/Rheb pathway while amino acids regulate the 

GATOR/Rags, Ragulator-SLC38A9/Rags, and FLCN/Rags pathway. Rags recruit mTORC1 to 

the late endosome/lysosome membrane where it encounters Rheb. Rheb activates the kinase 

activity of mTORC1. mTORC1 phosphorylates downstream effectors 4E-BP1 and S6K 

promoting mRNA translation, ULK1 to repress autophagy, and TFEB to repress the expression 

of lysosomal genes (Battaglioni et al., 2022).  

5.1.3.3. Cholesterol 

 
Cholesterol is an essential building block for membrane biogenesis, and rapidly 

proliferating cells rely on enhanced cholesterol synthesis and uptake to sustain their growth. 

The lysosome is the residing site of low-density lipoproteins (LDL) carrying cholesterol and 

fatty acids. Cholesterol is exported from the lysosome by the specific sterol transport system 

composed of the Niemann-Pick C1 (NPC1) and NPC2 proteins. NPC1 knock-out triggers a 

massive accumulation of cholesterol in endolysosomes, illustrating the importance of NPC 

proteins in cholesterol clearance. Recently, it was shown that cholesterol is one of the nutrient 

inputs sensed by SLC38A9 and which controlled mTORC1 activity. Cholesterol in the 

lysosomal membrane is sensed by the cholesterol recognition amino acids consensus (CRAC) 

domain of SLC38A9 which mediates mTORC1 recruitment and activation through the Rags. 

On the other hand, cholesterol depletion in HEK293T cells by methyl-beta-cyclodextrin (MCD) 

repressed mTORC1 signaling in NPC1 WT cells, but not in NPC KO cells where mTORC1 was 

hyperactive. Further experimental work is required to understand how mTORC1 is hyperactive 
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in NPC KO cells, where cholesterol cannot reach the limiting membrane (and therefore 

SLC38A9). Nonetheless, there seems to be a machinery which couples cholesterol in the 

endolysosomes to the regulation of mTORC1 signaling (Castellano et al., 2017; Davis et al., 

2020).  

5.1.3.4. Energy and oxygen availability 

 
Under hypoxia or low energy levels, several factors converge towards the activation of 

the TSC axis to inhibit mTORC1. Energy production levels, transcribed by the intracellular 

AMP:ATP and ADP:ATP ratios modulate the activity of the AMP-activated protein kinase 

(AMPK). AMPK is an inhibitor of energy-consuming cellular processes and as such is a potent 

repressor of mTORC1. Active AMPK phosphorylates TSC2 at Thr1271 and Ser1387 to 

promote the GAP activity towards Rheb, thereby inhibiting mTORC1 activity. AMPK also 

phosphorylates and inhibits the mTORC1 component RAPTOR on Ser722 and Ser792 

(Battaglioni et al., 2022; van Nostrand et al., 2020) (Figure 22).  

Molecular oxygen is critical for intracellular bioenergetics and is consumed during a 

multitude of biochemical reactions. Cells develop quick adaptative strategies to cope to 

decreased levels of oxygen (hypoxia). A growing body of evidence suggests that hypoxia (1% 

O2) is sufficient to decrease mTORC1 activity. For instance, gestational hypoxia in the fetal 

lung impairs mTORC1 activity and leads to vascular damage that could result in pulmonary 

disease in later life (Mundo et al., 2021). The molecular mechanisms have yet to be elucidated 

but it was recently shown that hypoxia rapidly repressed TORC1 signaling in the adipose tissue 

of Drosophilia larvae by TSC-mediated inhibition of Rheb (B. Lee et al., 2019). The stress 

response REDD1 gene was also shown to mediate the activation of TSC upon hypoxia 

(Brugarolas et al., 2004). Other results suggest that hypoxia results in energy depletion and 

ultimately leads to the activation AMPK and subsequent inhibition of mTORC1 (L. Liu et al., 

2006).  

5.1.3.5. Spatial positioning of lysosomes 

 
Work done over the last decade has modified our perception of the lysosome as the 

unglamorous “trash can organelle” of the cell and it is now widely recognized and appreciated 

that the lysosome is in fact a metabolic signaling hub with a critical role in coordinating the 

metabolic cues converging on the cell. By being tethered on the lysosome (or on the yeast 

vacuole), mTORC1 can gauge nutrient levels and modulate its activity in consequence. It 

becomes now apparent that the activity of mTORC1 is controlled both by the levels of amino 

acids in the lysosome lumen but also by the position of the lysosomes. Conversely, mTORC1 

activity can control the activity, biogenesis and distribution of the lysosomes and this will be 

reviewed in Chapter V section 1.3.4. 
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In nutrient-replete conditions, active mTORC1 is tethered to dispersed lysosomes while 

starvation represses mTORC1 activity and induces a perinuclear clustering of the late 

endosomal/lysosomal compartment. Overexpression of kinesin members KIF1B and KIF2 

induced lysosomal dispersion in starved cells which correlated with increased mTORC1 

activity. Dispersed lysosomes also enhanced the rescue of mTORC1 activity during refeeding. 

Therefore, lysosomal distribution seems to modulate the intensity of mTORC1 signaling 

response to nutrients (Korolchuk et al., 2011). Recent work implicated the kinesin exchange 

between ER-anchored Protrudin and lysosomal FYCO1 protein to regulate lysosomal 

positioning and mTORC1 activity. Under starvation conditions, low PI(3)P on the lysosomal 

membrane prevents the recruitment of PI(3)P-binding proteins FYCO1 and Protrudin and 

represses the ER/lysosome contacts. Upon refeeding, AA promotes Rag-mediated recruitment 

of mTORC1 to the lysosomal membrane and Vps35-mediated production of PI(3)P. Lysosomal 

PI(3)P recruits FYCO1 and binds Protrudin, facilitating the kinesin exchange between 

Protrudin and FYCO1. Lysosomes loaded with kinesin-1 are translocated on microtubules 

towards the cell periphery (Hong et al., 2017). mTOR-loaded lysosome dispersion to the cell 

periphery is thought to be necessary for mTORC1 full activation as some of its upstream 

regulators such as AKT are recruited and activated at the plasma membrane (Demetriades et 

al., 2014). Genome-wide small interfering RNA (siRNA) screening also revealed that Rap1 

GTPase deletion led to the expansion of the lysosomal compartment and enhancing the 

lysosomal surface for mTORC1 association, which resulted in mTORC1 hyperactivation. When 

AA were limited, Rap1 decreased lysosomes number and confined them to the perinuclear 

area. Although the AA signaling factors upstream of Rac1 are unknown, this work suggest that 

Rap1 is a regulator of the lysosomal system (Mutvei et al., 2020). 

Lysosomes are also connected to kinesin-1 KIF5 and kinesin-3 KIF1 proteins by the 

octameric BLOC-1-related complex (BORC) and the small GTPase Arl8 (Farías et al., 2017; 

Guardia et al., 2016; Pu et al., 2015). Silencing of lyspersin2, a BORC subunit, provoked a 

perinuclear clustering of the lysosomes.  Recent studies revealed that BORC also interacts 

with LAMTOR2 from the Ragulator complex, an interaction that controlled lysosomal 

positioning (Pu et al., 2017). This study revealed that silencing Ragulator subunits shifted 

lysosomes to the periphery both in nutrient-replete and starved cells, when Raptor KD did not, 

which suggests that Ragulator can control lysosome positioning independently of mTORC1 

activity. Further exploration is required but it would seem as nutrient starvation would cause a 

change in the interaction between Ragulator and BORC, inhibiting BORC and lysosome 

dispersal.     

5.1.4. Downstream effectors of mTORC1 
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A comprehensive survey of the literature has recently revealed that mTORC1 can 

phosphorylate at least 56 substrates (which is possibly a gross underestimation), sometimes 

on multiple positions, with a marked preference for serine residues over threonine (90 vs. 14 

sites, respectively). Interestingly, most of these phosphorylation events were inhibitory. This 

survey had strict criteria and omitted datasets that lacked follow-up and actual confirmation, 

and which did not reveal direct phosphorylation by mTORC1. Surprisingly, most of the targets 

lack a TOS, RAIP, or any other mTOR recognition motif which suggests they may bind to 

mTOR in an idiosyncratic way. When grouped according to their functions, three major clusters 

emerged: translation, protein turnover (mainly autophagy), and lipid and glucose metabolism 

(Battaglioni et al., 2022).  

5.1.4.1. Cap-dependent mRNA translation  

 
Although most AGC kinases are substrates of mTORC2, p70-S6 kinase 1 (S6K1) and likely 

S6K2, are the only members of the AGC kinase family that are mTORC1 substrates. S6K1 is 

a serine/threonine kinase which phosphorylates and activates the ribosomal S6 protein and 

the translation regulators elongation factor 2 (eF2) kinase and eukaryotic translation initiation 

factor subunit 4B (eIF-4B), promoting the 5’-cap binding of eIF-4F. S6K1 also phosphorylates 

and inhibits eIF-4B inhibitor programmed cell death protein 4 (PDCD4). S6K1 is also involved 

in the negative feedback of mTOR by phosphorylating mSIN1, or the insulin receptor substrat 

1 (IRS1) thereby inhibiting insulin signaling (Barilari et al., 2017). S6K1 possesses a TOS motif 

and an autoinhibitory C-terminal domain which is phosphorylated on multiple sites upon 

mitogen signaling. Phosphorylation of the inhibitory loop relaxes the structure of the kinase, 

allowing phosphorylation on Thr389 in the hydrophobic motif (HM) region and Ser371 in the 

turn motif by mTORC1. PDK1 also phosphorylates Ser229 in the T-loop of the catalytic domain. 

All three phosphorylations are necessary for the full activation of S6K1 (Keshwani et al., 2011). 

S6K1 is one of the major regulators of cell size downstream of mTORC1 as mice null for S6K1 

(but not S6K2) have small cells in metabolic tissue (Ohanna et al., 2005; Pende et al., 2000; 

Sarbassov et al., 2005). S6K1 depletion phenocopies the modifications observed during 

dietary restrictions, suggesting that S6K1 activity is sensitive and modulated by nutrient 

availability in the cell.  

 

eIF-4E-binding proteins (4E-BPs) are encoded by three different genes but are similarly 

regulated by mTORC1 signaling by sequential phosphorylation events. 4E-BP1 binds to 

Raptor via its C-terminal TOS motif which stimulates phosphorylation on residues Thr37 and 

Thr46 by mTOR, triggering a change of conformation of 4E-BP1. This steric modification allows 

for binding of the N-terminal RAIP motif to Raptor, which promotes phosphorylation of residues 

Ser65 and Thr70. The priming phosphorylations reduce the affinity of 4E-BP1 with their 
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partners eIF-4E by 100-fold. However, it is not sufficient for dissociation and the second round 

of phosphorylation is required for the complete release. Interestingly, only the late 

phosphorylation sites are inhibited by rapamycin treatment because of the conformational 

hindrance induced by the binding of rapamycin-FKBP12 to mTOR (Böhm et al., 2021; Gingras 

et al., 1999, 2001). eIF-4E recruits 40S ribosome subunits to the 5’ of cap-ended mRNA and, 

together with eIF4G and eIF4F, form the eIF4 complex which stimulates translation (Dawson 

et al., 2020). 

5.1.4.2. Promotion of lipogenesis 

 
Lipids are required for membrane biogenesis and to sustain cell growth. Under PI3K/AKT 

control, mTORC1 drives de novo lipid synthesis through regulation of the transcription factors 

sterol regulatory element binding protein 1 and 2 (SREBP 1/2) and peroxisome 

proliferatoractivated receptorγ (PPARγ). The SREBPs belong to the family of basic helix-

loop-helix-leucine zipper (bHLH-zip) transcription factors and control the expression of 

metabolic genes involved in fatty acid and cholesterol biosynthesis. Inactive SREBPs 

precursors reside in the endoplasmic reticulum (ER). Upon insulin stimulation (SREBP1) or 

cholesterol depletion (SREBP2), SREBPs bud from the ER and are transported to the Golgi 

where site-1 protease (S1P) and S2P cleave the N-terminus of SREBP (nSREBP). nSREBP 

translocates to the nucleus and induces the expression of target genes (Ferré & Foufelle, 2007; 

Han & Wang, 2018; Horton et al., 2002).  

During feeding, rapamycin treatment was shown to inhibit nSREBP nuclear translocation 

and the expression of lipogenic genes suggesting that mTORC1 controls lipogenesis via 

regulation of SREBPs localization (Porstmann et al., 2008). Further research demonstrated 

that mTORC1 controlled SREBPs localization in an S6K-dependent and S6K-independent 

manner. How S6K is involved in lipogenesis remains unclear. Independently of S6K, mTORC1 

phosphorylates and inactivates CREB regulated transcription coactivator 2 (CRCT2) which is 

an inhibitor of SREBPs budding from the ER (Han et al., 2015; Han & Wang, 2018). mTORC1 

also phosphorylates and prevents the nuclear translocation of Lipin-1, a phosphatidic acid 

phosphatase required for glycerolipid biosynthesis. In the nucleus, Lipin-1 promotes the 

association of SREBPs with the nuclear matrix, thereby preventing its association with target 

genes (Han & Wang, 2018; Peterson et al., 2011) (Figure 23).  
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Figure 23: Model for SREBP-regulated maturation. The precursor SREBP is sequestrated in 

the ER membrane in a complex with cholesterol-bound SCAP and Insig. Low cholesterol or 

insulin signaling (through AKT and mTORC1) dissociates this repressive complex and induces 

the translocation of SCAP/SREBP to the Golgi apparatus where SREBPs are proteolytically 

activated by the S1P/S2P enzymes. The mature SREBP N-terminal fragment (N) is released 

and rapidly enters the nucleus where it activates target genes. mTORC1 phosphorylates and 

inhibits SREBPs repressor Lipin-1. Red and black arrows indicate inhibitory and stimulatory 

actions. The question marks indicate the mechanism for the effects still need to be defined 

(Jeon & Osborne, 2012).  

5.1.4.3. Protein catabolism 

 
Autophagy  

Autophagy is a process of nutrient stress-induced cellular self-digestion conserved in 

all eukaryotic organisms in which cytoplasmic components are engulfed and degraded in an 

acidic double-membraned organelle. Broken-down components are then recycled to sustain 

cell growth, proliferation, and survival under nutrient adverse conditions. Autophagy is thereby 

regulated by nutritional cues and under the control of mTOR and AMPK kinases.  

 The molecular processes of autophagy have been researched and described in detail. 

An isolation membrane buds out from the ER and envelopes a portion of the cytoplasm 

containing damaged organelles and macromolecules, and forms the autophagosome, a 

double-membraned vesicle. Lysosomes fuse with the autophagosomes, and lysosomal 

hydrolases break down cytoplasm-derived materials into constituent amino acids or fatty acids 

that are delivered back to the cytoplasm, enabling their subsequent reuse in metabolic 

processes (Hosokawa et al., 2009; G. Y. Liu & Sabatini, 2020). Initial work studying the 
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regulation of autophagy revealed a set of over 30 autophagy-related (Atg) genes involved in 

every step of the autophagy process. The yeast complex Atg1-Atg13-Atg17 is 

hyperphosphorylated by TOR in nutrient-rich conditions and hypophosphorylated under 

starvation conditions which coincide with autophagy initiation. In mammals, unc51like 

autophagyactivating kinase 1 (ULK1) and ULK2 are Atg1 homologs. No mammalian homolog 

of Atg17 exists but 200kDa FAK family kinaseinteracting protein (FIP200) was proposed as 

a counterpart to form a ULK1-Atg13-FIP200 complex initiating phagosome formation 

(Hosokawa et al., 2009). In nutrient-rich conditions, mTORC1 phosphorylates and inhibits 

ULK1 on Ser758 (Hosokawa et al., 2009) and ATG13 on Ser258 (Puente et al., 2016), 

consequently blocking autophagy initiation. Interestingly, active ULK1 phosphorylates Raptor 

to hinder substrate recognition, further inhibiting mTORC1 and promoting autophagy. By 

binding to the homotypic fusion and vacuole protein sorting (HOPS) complex, UV radiation 

resistance-associated gene product (UVRAG) modulates Rab7 activity to promote 

autophagosome maturation and fusion with lysosomes. UVRAG is kept inactive by the 

association with RUN domain Beclin 1-interacting and cysteine-rich-containing protein 

(RUBICON), an interaction promoted by mTORC1-mediated phosphorylation on Ser498 of 

UVRAG (Young-Mi Kim & Hwa Jung, 2015).  

 Glucose starvation also promotes autophagy by AMPK-mediated mTORC1 

inactivation. AMPK also phosphorylates ULK1 on multiple sites to promote its activity. 

mTORC1-mediated phosphorylation of ULK1 on Ser758 disrupts the association of AMPK and 

ULK1, further demonstrating the antagonistic roles of mTORC1 and AMPK in the regulation of 

energy homeostasis (Battaglioni et al., 2022; Kim et al., 2011). Finally, novel findings link 

mTORC2 to autophagy where AKT- and SGK1-mediated phosphorylation of Foxo1/3A 

transcription factors downstream of mTORC2 inhibits autophagy initiation and cargo 

degradation (Aspernig et al., 2019; Deleyto-Seldas & Efeyan, 2021; J. Zhao et al., 2007) 

  

Lysosomal metabolism  

 Cells constantly regulate the number and activity of the lysosomal compartment in 

response to their energetic needs. Lysosomes are acidic organelles specialized in the 

degradation of contents/cargoes received from the secretory, endocytic, autophagic, and 

phagocytic pathways due to lysosomal hydrolases which degrade proteins, lipids, nucleic 

acids, and polysaccharides. Mutation in lysosome function can result in a lysosomal storage 

disease (LSD) characterized by the intraluminal accumulation of undegraded contents. 

Patients with LSD present a multi-systemic phenotype often associated with early-onset 

neurodegeneration (Ballabio, 2016). Therefore, a cellular program coordinating lysosomal 

activity under nutrient cues is plausible. Lysosomal proteins tend to have coordinated 

expression and promoter analysis revealed that a little less than 100 lysosomal genes share a 
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highly enriched 10 base pair motif, the so-called Coordinated Lysosomal Expression and 

Regulation (CLEAR) element (Sardiello et al., 2009). This CLEAR element overlaps the 

CACGTG E-box, a target of the members of the microphthalmia–transcription factor E 

(MiT/TFE) subfamily of bHLH factors. Among the four members of the MiT/TFE family (MITF, 

TFEB, TFE3, and TFEC), TFEB has emerged as a master regulator of lysosomal biogenesis 

and functions by binding the CLEAR element, thereby controlling the expression of this entire 

specific gene network and demonstrating that lysosomes are globally regulated on the 

transcriptomic level. As such, overexpression of TFEB has been shown to increase the number 

of lysosomes and the levels of lysosomal enzymes, but also enhanced the fusion of 

autophagosomes with lysosomes and the degradation of the autophagic cargo, indicating that 

TFEB also controls autophagy (Palmieri et al., 2011; Sardiello et al., 2009; Settembre et al., 

2011, 2013).  

Lysosomes are also involved in lysosomal exocytosis, a process required for plasma 

membrane repair, bone resorption, and antigen presentation. Lysosomes are displaced on 

microtubules towards the cell periphery and dock to the plasma membrane. So far, only KIF5B 

has been shown to be exclusively associated with lysosomes for their peripheral transport  

(Cardoso et al., 2009). The Arf-related Arl8 GTPase is associated with lysosomes and recruits 

the BORC complex to link kinesins to lysosomes, but also salmonella-induced filaments A 

(SifA) and Kinesin-Interacting Protein (SKIP), also known as Pleckstrin Homology Domain-

Containing Family M Member 2 (PLEKHM2), which recruit kinesin-1 to lysosomes (Tancini et 

al., 2020). As described above, the Protrudin-FYCO1 is also required to dock lysosomes to 

kinesins during ER-endosomes/lysosomes contacts (Raiborg et al., 2015). Docking of the 

lysosome to the plasma membrane occurs by the tethering of vesicle-associated membrane 

protein 7 (VAMP7) on the lysosomal membrane to syntaxin-4 and synaptosome-associated 

protein of 23 kDa (SNAP23) on the plasma membrane, which are members of the N-

ethylmaleimide-sensitive factor attachment receptor (SNARE) family (Rao et al., 2004). The 

fusion step between the membranes requires the local release of calcium from the ER or the 

lysosomes themselves through the lysosomal cation channel transient receptor potential 

mucolipin 1 (TRPML1) also called mucolipin 1 (MCOLN1). Interestingly, TFEB overexpression 

was shown to induce lysosomal exocytosis by enhancing the expression of MCOLN1 and 

subsequent cytoplasmic release of lysosomal calcium (Medina et al., 2011) (Figure 25).   

TFEB is a transcription factor, and its activity thus depends on its localization which is 

mainly regulated by phosphorylation. In most cell types, mTORC1 and extracellular signal-

regulated kinase 2 (ERK2) are the main kinases known to phosphorylate TFEB. Under nutrient 

replete conditions, mTORC1 phosphorylates TFEB on Ser142 and Ser211 which are docking 

sites for 14-3-3 regulatory proteins that subsequently sequestrate and inactivate TFEB to the 

cytoplasm (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2011, 2012). 
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These phosphorylation marks also induce STUB-1-mediated ubiquitination and degradation of 

TFEB (Sha et al., 2017). Starvation inhibits mTORC1 and de novo phosphorylation of TFEB. 

Interestingly, nutrient depletion also activates MCOLN1 independently of mTORC1 activity, 

and the released calcium activates the phosphatase calcineurin which in turn 

dephosphorylates TFEB and promotes its nuclear translocation (Medina et al., 2015b). In a 

feedback loop, TFEB then promotes the expression of lysosomal genes, including MCOLN1. 

A recent study also showed that the activation of the MCOLN1-TFEB axis also happens upon 

bacterial sensing in dendritic cells (Bretou et al., 2017). mTORC1- and ERK-mediated 

phosphorylation on Ser142 is also a priming event for GSK3B-mediated phosphorylation on 

Ser138, which is required for exportin CRM1 biding and efficient TFEB nuclear export (Li et 

al., 2018; Napolitano et al., 2018) (Figures 24 and 25).  

 

 

Figure 24: Scheme of TFEB structure and phosphorylation sites. (Puertollano et al., 2018) 
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Figure 25: Schematic overview of TFEB regulation and functions. In nutrient-rich conditions, 

mTORC1-mediated phosphorylations on TFEB are bound by the regulatory proteins 14-3-3 

thus sequestrating TFEB in the cytoplasm. Starvation inhibits mTORC1 and promotes 

lysosomal Ca2+ release through MCOLN1 channel which activates calcineurin phosphatase. 

Dephosphorylation of TFEB leads to nuclear translocation and the expression of genes 

involved in lysosomal biogenesis (LAMP1), lysosomal exocytosis (MCOLN1) and other 

lysosomal-related processes (Guerrero-Navarro et al., 2022).  

 

 TFEB lack a TOS motif and is recruited to the lysosomes by RagC/D in their GDP-

bound conformation (Malta et al., 2017; Martina & Puertollano, 2013; Napolitano et al., 2020). 

Thereby, loss of RagC/D GAP, FLCN/FNIP, results in RagC/DGTP accumulation, constitutive 

nuclear localization of TFEB independently of the cell nutrient status, and hyperactivation of 

mTORC1 by TFEB-mediated increase in RagD transcription. Constitutive hyperactivation of 

mTORC1 promotes kidney cysts and renal cell carcinoma (Malta et al., 2017; Napolitano et 

al., 2020).  

 

 mTORC1 has also been involved in unconventional protein secretion (UPS) through its 

substrate GRASP55 (Nüchel et al., 2021). Proteins involved in UPS are cargos without a signal 

peptide or transmembrane domain which are secreted by stressed cells. The Golgi reassembly 
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stacking protein (GRASP) family is composed of GRASP55 and GRASP65, two proteins 

involved in the maintenance of Golgi structure and function. mTORC1 phosphorylates 

GRASP55 at the Golgi while dephosphorylation of GRASP55 induced by nutrient starvation or 

rapamycin treatment promotes its re-localization to LC3B-positive autophagosomes and multi-

vesicular bodies which drives UPS of several cargo, including MMP-2 but also other proteins 

involved in focal adhesions and cell junctions. This work revealed a previously unknown 

relationship between mTORC1 signaling and surfactome and secretome modifications in 

stressed cells.  

5.2. Microenvironment-induced metabolic stress 

5.2.1. Solid tumors are starved and hypoxic 

 
As described above, tumors are heterogeneous entities presenting non-uniform genetic 

and phenotypic features. This heterogeneity can be driven by the tumoral microenvironment 

which co-evolves with the tumor and influences tumor progression. Despite their mind-boggling 

complexity in many aspects of their biology, tumoral tissues, like all tissues, still require a 

constant supply of nutrients and oxygen to sustain their rapid expansion. To allow tumor 

progression and propagation, the induction of a tumoral microvasculature - an angiogenic 

switch - is thus necessary to perfuse the ever-growing tumor mass. Angiogenesis (the 

sprouting of new blood vessels) is a physiological process tightly regulated by a balance 

between pro- and anti-angiogenic factors. This balance is completely lost during tumoral 

progression, and normal vessel quiescence is inhibited, resulting in the constant elongation of 

blood vessels. The architecture of the tumor vasculature is thus quite distinct from a 

physiological network, with irregular shapes, excessive dilatation, twists and turns, and 

sometimes dead ends (Bergers & Benjamin, 2003). However, rampant cell proliferation 

remains disproportionately increased relative to blood vessel sprouting which leads to large 

areas of the tumors devoid of functional blood vessels. Assessment of the vasculature 

landscape, blood perfusion, and oxygen supply in a computational approach based on 3D 

imaging of whole orthotopic breast tumor xenografts confirmed the presence of large avascular 

areas within the tumor as well as wide inter-vessel distances and small vascular lengths. 

Furthermore, analysis of the distributions of blood flow rates and intravascular oxygenation 

revealed that a large subpopulation of tumor vessels was inadequately perfused and under-

oxygenated  (Stamatelos et al., 2019) (Figure 26). Additionally, TGF-β-induced ECM stiffening 

during tumor progression impairs the progression of vascular morphogenesis and provokes an 

increase in interstitial pressure that compresses blood vessels and impedes blood flow 

(Helmlinger et al., 1997; Jain et al., 2014a; Saini et al., 2018). In breast tumors, the median 

partial pressure of oxygen was measured at 10 mmHg while it reached 65 mmHg in normal 

breast tissues (Vaupel et al., 2007). An elegant fate-mapping study established that hypoxia 
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was first detected in early DCIS lesions in an MMTV mice model that develop spontaneous 

tumors. Furthermore, experiments on MDA-MB-231 spheroids revealed that cells escape the 

hypoxic core and are found at the invasive front. Consequently, in vivo post-hypoxic tumor 

cells had a distinct potential to form lung micro and macrometastasis (Godet et al., 2019) 

(Figure 27). 

 

 

Figure 26: Tumors are poorly vascularized and hypoxic Top panel shows a 3D-based 

computational representation of blood flow and partial pressure of oxygen in whole orthotopic 

breast tumor xenografts showing large areas of the tumors with severely limited blood flow 

(blue regions) and highly hypoxic (yellow regions). The bottom panel is a cross-section of a 

mice mammary tumor stained with Hypoxyprobe. The inset shows two blood vessels 

surrounded by cancer cells with a radial gradient of Hypoxyprobe staining illustrating that the 

farther the cells are from the blood vessel, the more hypoxic they are (Adapted from Godet et 

al., 2019 and Stamatelos et al., 2019). 
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Figure 27: Hypoxia drives tumor cell invasion and metastasis. Cross-sections of different 

stages of mice breast tumors to ductal carcinoma to invasive carcinoma stained for 

hematoxylin and eosin (left). The mice were designed to develop spontaneous tumors in which 

cells would permanently switch from tdTomato (red staining) to GFP (green staining) under 

hypoxic conditions. The first detection of hypoxia was in DCIS lesion (Godet et al., 2019). 

 

Nutrients follow the same trend as oxygen and metabolomic research has shown that 

several metabolites (glutamine and cytidine, glucose, and TCA cycle-related phosphorylated 

glucose-derivatives) were severely depleted in solid tumors such as pancreatic ductal 

adenocarcinoma, compared to normal adjacent tissues (Kamphorst et al., 2015). These results 

were also found in organotypic microfluidic breast cancer models (Ayuso et al., 2018). The 

intraductal niche is therefore a source of nutrient and hypoxic stress for cancer cells which can 
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be circumvented and be drivers of progression towards invasive phenotypes (Godet et al., 

2019)  

5.2.2. Dysregulation of PI3K/AKT/mTOR and consequences for sustain growth and 
proliferation in an hypovascularized tumor environment  

 
Due to its role in cell growth and proliferation, hyperactivation of mTORC1 signaling is 

frequently found across several tumor types, including breast cancer. Aberrant activation of 

mTOR rarely results from mutation of the kinase itself, but rather from the accumulation of 

oncogenic mutations in upstream signaling components such as the PI3K/AKT and 

Ras/Raf/MEK/ERK (MAPK) pathways.  Gain-of-function mutations of PI3KCA are found in 

one-third of breast cancers, and mutations of PI(3,4,5)P3 3’-phosphatase PTEN (Phosphatase 

and Tensin Homolog deleted on Chromosome 10) are detected in half of breast cancers, 

leading to hyperactivated AKT and mTORC1 (Carbognin et al., 2019). Mutations in PI3KCA 

are more common in hormone receptor-positive (HR+) luminal A and HER2+ subtypes (45% 

and 39% of cases respectively). In contrast, alterations of PI3KCA appear in only 9% of TNBC 

cases. However, PTEN downregulation was more prevalent in TNBC than in HR+ tumors and 

was associated with lower disease-free survival (Prvanović et al., 2021). Endogenous 

inhibitors of mTORC1 signaling such as TSC1/2 and FLCN are tumor suppressors found to be 

inactivated in the familial cancer syndrome TSC and in Birt-Hogg-Dube hereditary cancer 

syndrome (Napolitano et al., 2020).  

A growing body of evidence points to the central role of 4E-BP1/eIF4E downstream of 

mTORC1 in tumor progression. eIF4E is able to selectively enhance the translation of mRNA 

products of several oncogenes and cancer-promoting factors such as c-Myc, Cyclin D1, VEGF, 

and MMP9 and was shown to be upregulated in many carcinomas, including breast cancer. 

mTORC1-mediated phosphorylation and inhibition of 4E-BP1 also promote eIF4E activity. 

However, non-phosphorylated 4E-BP1 has been shown to act as a tumor promoter under 

cellular stress induced by the microenvironment such as starvation. These observations 

suggest that in hypovascularized areas and under starvation, mTORC1 is inactivated and the 

repression on 4E-BP1 is abolished. Consequently, 4E-BP1 can highjack the translation 

machinery to promote the expression of pro-survival and pro-angiogenic genes (Musa et al., 

2016). 

In a progressive effort to understand and characterize cell heterogeneity within a tumor, a 

growing body of evidence suggests that mTORC1 is not hyperactivated everywhere within a 

single tumor. Starvation and hypoxia lead to an inhibition of mTORC1 within the tumor core 

and in cells distanced from blood vessels (Gerdes et al., 2018; Risom et al., 2022b). Autophagy 

has dual roles in tumor initiation, acting both as a tumor suppressor by preventing the 

accumulation of damaged molecules and organelles, and as an oncogenic pathway that 
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promotes cell survival and growth in transformed cells. Autophagy defects such as loss of 

autophagy initiators beclin-1 or atg7, lead to susceptibility to metabolic stress, ROS production, 

and subsequent genetic instability thus promoting tumorigenesis. Autophagy inhibition can 

also lead to the formation of cytoplasmic aggregates and phase separation of autophagy 

receptors (i.e., p62 and neighbor of BRCA1 (NBR1)) which sequesters and activates 

oncogenic key signaling components such as MAP3K3 from the MAPK pathway (Marsh et al., 

2020, 2021; D. Sun et al., 2018; Zaffagnini et al., 2018). On the other hand, autophagy confers 

stress resistance to transformed breast cells, especially in hypoxic and nutrient-depleted 

microenvironments, or in response to ECM detachment during the metastatic process (Espina 

et al., 2010; Sharifi et al., 2016). Metastatic tumor recurrence can occur years after the removal 

of the primary tumor by the outgrowth of quiescent circulating cancer cells upon 

microenvironmental inputs. Autophagy has been shown to be critical for the survival of dormant 

breast tumor cells and genetic or pharmacological inhibition of autophagy inhibits the switch 

from dormancy to growth and lessens the lung metastatic burden (Vera-Ramirez et al., 2018). 

Triple-negative breast cancers exhibit higher levels of autophagy than other subtypes and 

express more autophagy-related genes (including Beclin-1, LC3A and LC3) which are markers 

of poor prognosis (Bertozzi et al., 2021; Espina et al., 2010; Overgaard et al., 2009; H. Zhao 

et al., 2013). Knock-down of LC3 and Beclin-1 in TNBC cell lines induced apoptosis, migration, 

and invasion (Hamurcu et al., 2018) Clinical evidence suggest that TNBC are more hypoxic 

compared to non-TNBC and that constitutive increased autophagy promotes survival in this 

oxygen-deficient environment (O’Reilly et al., 2015).  

 

5.2.3. Mode of action of some inhibitors of mTOR signaling and clinical use 

 
Targeting the hyperactivated PI3K/AKT/mTORC1 pathway has therefore generated 

significant interest for cancer therapy.  

Rapamycin confers a gain of function of FKB12 which then allosterically inhibits mTORC1 

(see above). mTORC2 is insensitive to short-term treatment with rapamycin because RICTOR 

hides the FRB domain of mTOR. However, chronic treatment can diminish mTORC2 activity 

as rapamycin could bind to neosynthesized mTOR and therefore inhibit the formation of de 

novo mTORC2. At the time of its discovery, Rapamycin treatment was considered a promising 

target for anticancer therapy. However, rapamycin has poor solubility and pharmacokinetics. 

Some rapamycin analogs (rapalogs) have been approved for cancer treatment. Temserolivus 

(Pfizer) was the first one approved for treatment of advanced-stage renal cell carcinoma in 

2007. The rapalog Everolimus (Novartis) is also used in combination with hormonal therapies 

for the treatment of metastatic HR+ HER2-negative breast cancer as it improved progression-

free survival (Bachelot et al., 2012; Baselga et al., 2012). However, the efficacy of Everolimus 
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(alone or in combinational treatment) remains modest compared to what was expected, 

probably due to incomplete inhibition of the phosphorylation of 4E-BP1 (Laplante & Sabatini, 

2012). As such, small ATP-competitive mTOR inhibitors abolishing even 4E-BP1 

phosphorylation were developed. Their results were promising, as they can impair cell growth 

and proliferation but also induce apoptosis. (Y. Chen et al., 2018; J. jie Shi et al., 2018; H. 

Wang et al., 2020).  mTORC1 inhibits AKT and the insulin growth factor signaling in a negative 

feedback loop. Inhibiting mTORC1 relieves AKT inhibition and could paradoxically stimulate 

cell growth and proliferation. Dual inhibition of PI3K and mTOR are considered a good 

combinatory treatment to circumvent this issue (Wu et al., 2022). 

 

5.2.4. Scavenging of extracellular molecules to sustain growth and proliferation in an 
hypovascularized tumor environment 

 
Cancer cells can bypass the bloodstream and harvest nutrients by scavenging 

macromolecules directly from the tumor microenvironment. Scavenging is defined as the 

uptake of macromolecules synthesized by other cells in the tumor microenvironment and 

further broken down in lysosomes into elemental building blocks used for ATP production, 

anabolic processes, and cell growth. By definition, scavenging is the opposite of autophagy 

wherein cells recycle their own components, however due to the mass conservation law, cells 

cannot grow indefinitely on a strict autophagy regime (Finicle et al., 2018). Scavenging pleases 

every palate, and a diversity of extracellular molecules can be scavenged, including ECM 

components, serum albumin, apoptotic and necrotic debris. Therefore, different scavenging 

strategies are employed by cancer cells to overcome nutrient limitations. 

Like breast DCIS, pancreatic ductal adenocarcinomas (PDACs) are typically characterized 

by nutrient and oxygen limitations due to poor perfusion and high interstitial pressure. 

Activating mutations in K-Ras are the most frequent oncogenic drivers of PDACs (95% of 

cases) and promote a metabolism relying heavily on glutamine-derived glutamate to fuel the 

tricarboxylic acid (TCA) cycle. Mutation of K-Ras also stimulates the scavenging of 

extracellular proteins by constitutively activating macropinocytosis, an actin-dependent non-

selective uptake mechanism of extracellular components. Macropinocytosed proteins are 

further degraded in lysosomes and provide amino acids, including glutamine, to starved cancer 

cells (Commisso et al., 2013; Davidson et al., 2017; Kamphorst et al., 2015; Olivares et al., 

2017). Scavenging of ECM proteins such as collagens and fibronectin, which represent the 

majority of the tumoral microenvironment biomass, has also been reported in ovarian and 

pancreatic cancers (Nazemi & Rainero, 2020; Olivares et al., 2017). Starving PDAC cells of 

glucose or glutamine also induce internalization and lysosomal degradation of collagens I and 

IV. Collagen-derived proline is transported in the mitochondria through the transporter 
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PRODH1 and converted to glutamate, then to TCA substrate alpha-ketoglutarate. Feeding 

starved PDACs cells with soluble collagen or proline promotes both survival and proliferation 

(Olivares et al., 2017). Solid tumors, and especially PDACs, are characterized by an 

exceptional metabolic plasticity and can use a diversity of macromolecules as nitrogen donors 

for glutamine and nucleotide synthesis (Fendt et al., 2020; Gouirand et al., 2022; Tsai et al., 

2021). Few studies have reported that mTORC1 activity represses intralysosomal degradation 

of scavenged molecules (Palm et al., 2015) and that mTOR inhibition upon starvation promotes 

scavenging, restores the intracellular amino acid balance, and drives the proliferation of 

starved cancer cells (Finicle et al., 2018; Kamphorst et al., 2015; Nofal et al., 2017). 

Conversely, mTORC1 activity is rescued in starved cells upon supplementation with albumin 

in a dose-dependent manner. The catabolism of albumin restored the amino acid levels in 

these cells, preventing cell death (Nofal et al., 2017; Palm et al., 2015; Palm & Thompson, 

2017). Scavenging has therefore the potential to greatly influence tumor progression and has 

gathered quite the attention over the last few years as a potential druggable pathway (Finicle 

et al., 2018).   
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WORKING HYPOTHESIS AND OBJECTIVES 

It is widely accepted that invasive cancer cells form MT1-MMP-enriched, actin-based 

plasma membrane/ECM contact sites called invadopodia, which focally degrade matrix 

tissues, enabling cell penetration and dissemination. Most of the studies focused on the cellular 

signals affecting invadopodia formation and function such as the activation of integrins and 

tyrosine kinase receptors or by cell cycle regulators. However, the influence of the ever-

changing tumoral microenvironment on invadopodia dynamics and plasticity remains elusive    

(Masi et al., 2020). Due to tumor growth rate and limited blood supply, the tumor 

microenvironment is often hypoxic and deprived of nutrients (including glucose and amino 

acids/AA). In addition, increased ECM stiffness can further impede the perfusion and nutriment 

supply of the tumor and can trigger the rewiring of the tumor metabolism to support tumor 

survival and proliferation. A growing body of evidence points out that under nutrient-limiting 

conditions, normal and transformed cells can internalize ECM molecules to restore the AA 

balance which promotes survival and proliferation. However, the molecular mechanisms 

underlying ECM proteolysis prior to internalization remain largely overlooked. 

The cell response to nutrients is controlled by the kinase mTOR which nucleates two 

distinct complexes, mTORC1, and mTORC2. Under AA replete conditions, mTORC1 is 

activated on the surface of lysosomes and it phosphorylates several target proteins including 

p70S6 Kinase 1 (S6K) and eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 

(4E-BP1), promoting protein and lipid anabolism. In addition, active mTORC1 represses 

autophagy by phosphorylating and inhibiting the autophagy regulator, ULK 1, and the 

transcription factor EB (TFEB), which regulates the expression of genes for lysosomal 

biogenesis and the autophagy machinery. In starved cells, mTORC1 is repressed which 

promotes the degradation of autophagic cargo and exogenous macromolecules to restore the 

AA balance and prevent a metabolic and energetic crisis (Commisso et al., 2013; Kamphorst 

et al., 2015; Nofal et al., 2017; Palm et al., 2015). However, the cross-talk between the mTOR 

signaling pathway and ECM degradation and uptake of proteolytic products to support cancer 

cell growth are still poorly understood.  

Prior results of Dr Cecilia Colombero, a post-doctoral fellow in the host lab showed that 

MDA-MB-231 breast cancer cells deprived of growth factors (GF) and AA (EBSS buffer) for up 

to 60 min massively degraded fibrillary type I collagen with a 10-fold increase compared to 

cells cultured in a complete medium.  This increase in gelatino- and collagenolysis was 

abolished by genetic depletion of MT1-MMP or TKS5, suggesting that invadopodia mediate a 

strong ECM degradation in response to starvation. Additionally, EBSS treatment repressed 

mTORC1 activity as assessed by the phosphorylation of S6K and 4E-BP1. Supplementing AA 

to EBSS partially restored mTORC1 activity and importantly, reduced by 50% the starvation-
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induced ECM degradation. Based on these findings, we hypothesized that nutrient starvation 

and mTORC1 repression could promote ECM breakdown and possibly internalization in breast 

cancer cells to support their proliferation and survival.  

I addressed the plasticity of the invadopodia-mediated ECM degradation in response 

to the nature and amount of nutrients in the microenvironment. I also dissected the molecular 

mechanisms by which starvation and mTOR signaling altered the dynamics of the invadopodia 

components to support the increased ECM degradation.  

Working closely with Sandra Antoine-Bally, an engineer in the host lab, we used 

fluorescence microscopy to image breast (MDA-MB-231) and pancreatic (Bx-PC3) cancer 

cells and monitored their ECM degradative capacities in response to nutrient levels/availability. 

We showed that mTORC1 repression by nutrient starvation (EBSS buffer) or pharmacological 

inhibition (rapamycin) induced a massive degradation of fibrillar type I collagen or gelatin. 

Furthermore, restoring mTORC1 activity in starved cells by genetic ablation of TSC or by 

supplementing the EBSS buffer with albumin or free AA partially rescued mTORC1 activity 

which abolished half of the starvation-induced collagen degradation. We recapitulated the 

effect of starvation on ECM degradation in ex vivo TNBC patient-derived xenografts (PDX) 

explants embedded in collagen. Altogether, these results were consistent with direct control of 

ECM degradation by mTORC1 activity. Mechanistically, we showed that short-term nutrient 

starvation greatly impeded clathrin-mediated endocytosis as it increased the density and the 

lifetime of clathrin-coated pits (CCPs) at the plasma membrane of starved cells. These CCPs 

coincided with MT1-MMP and were in close association with TKS5. These results suggest that 

in nutrient-starved cells, MT1-MMP is sequestrated in arrested CCPs which supports ECM 

degradation. These discoveries were published in an article presented in the next section and 

in which I share co-first authorship (see Article 1).  

Based on this first demonstration of a link between mTOR and the invadopodia 

machinery, I have started to dissect the mechanisms by which mTORC1 signaling may 

influence the invadopodia response in nutrient-replete conditions. I used a siRNA-based 

approach to systematically knock down (KD) the main components of the mTORC1 pathway 

and investigated their effect on gelatin degradation and mTORC1 activity. In addition, I made 

use of different pharmacological inhibitors known to interfere with mTOR signaling. Consistent 

with our previous findings, siRNA-mediated downregulation of mTORC1 (e.g., siRagC or 

siRaptor), enhanced matrix degradation. Interestingly, KD of folliculin (FLCN) had no effect on 

mTORC1 activity as expected but massively induced matrix degradation. This dissociation 

between mTORC1 activity and matrix proteolysis pointed to a potential role of TFEB which 

translocates in the nucleus in FLCN-depleted cells, independently of mTORC1 activity 

(Napolitano et al., 2020, 2022). In addition, TFEB induces lysosomal exocytosis (Medina et al., 

2011; Palmieri et al., 2011) and we hypothesized that enhanced lysosomal exocytosis may 
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increase MT1-MMP delivery to the invadopodia to support/fuel ECM degradation. We first 

showed that TFEB was necessary for the ECM degradation response induced by silencing 

RagC, Raptor or FLCN as well as by treatment with mTOR-inhibitors. Live-cell microscopy of 

MDA-MB-231 stably expressing MT1-MMP tagged with super ecliptic pHLuorin revealed that 

MT1-MMP exocytosis rates were increased in siRagC cells, consistent with an increase of 

endogenous MT1-MMP at the plasma membrane levels as assessed by surface labeling. 

Furthermore, using particle image velocimetry to quantify TKS5GFP-based invadopodia by live 

cell microscopy, we could show that siRagC-treated cells displayed invadopodia with 

increased velocimetry compared to control cells; this increased invadopodia dynamics was 

abolished by concomitant TFEB KD. Treatment of ex vivo TNBC patient-derived xenografts 

(PDX) with mTOR drugs such as Everolimus or Torin-1 also increased massive matrix 

degradation. Increased invadopodia activity and ECM degradation have been shown to 

promote tumor cell invasion. We tested the invasion capacities of these highly degradative 

cells by using a spheroid-based assay and showed that KD of RagC enhanced the invasion of 

MDA-MB-231 multicellular spheroids as well as spheroids of MCF10DCIS.com cells. 

Altogether, we propose that mTOR, through TFEB regulation, controls the invadopodia 

response by promoting MT1-MMP exocytosis from the endolysosomal compartments, eliciting 

a surge in matrix degradation. We show that the enhanced matrix degradation response allows 

cancer cells to efficiently remodel and invade the surrounding ECM environment. These results 

are presented in a second manuscript to be submitted for publication 

In the appendix section, I also included an in-press manuscript that I wrote together 

with Pedro Monteiro, a post-doctoral fellow in the host lab, in which we review the main 

experimental procedures to assess the formation and activity of invadopodia in cell in culture 

in different ECM environments. 
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mTOR Repression in Response to Amino Acid Starvation
Promotes ECM Degradation Through MT1-MMP
Endocytosis Arrest

Cecilia Colombero, David Remy, Sandra Antoine-Bally, Anne-Sophie Macé,
Pedro Monteiro, Nadia ElKhatib, Margot Fournier, Ahmed Dahmani, Elodie Montaudon,
Guillaume Montagnac, Elisabetta Marangoni, and Philippe Chavrier*

Under conditions of starvation, normal and tumor epithelial cells can rewire
their metabolism toward the consumption of extracellular proteins, including
extracellular matrix-derived components as nutrient sources. The mechanism
of pericellular matrix degradation by starved cells has been largely overlooked.
Here it is shown that matrix degradation by breast and pancreatic tumor cells
and patient-derived xenograft explants increases by one order of magnitude
upon amino acid and growth factor deprivation. In addition, it is found that
collagenolysis requires the invadopodia components, TKS5, and the
transmembrane metalloproteinase, MT1-MMP, which are key to the tumor
invasion program. Increased collagenolysis is controlled by mTOR repression
upon nutrient depletion or pharmacological inhibition by rapamycin. The
results reveal that starvation hampers clathrin-mediated endocytosis,
resulting in MT1-MMP accumulation in arrested clathrin-coated pits. The
study uncovers a new mechanism whereby mTOR repression in starved cells
leads to the repurposing of abundant plasma membrane clathrin-coated pits
into robust ECM-degradative assemblies.

1. Introduction

Metabolic reprogramming is a hallmark of cancer cells, which
adapt their nutritional strategies to match their elevated
metabolic needs.[1,2] In certain microenvironments including
in poorly perfused tumors, free nutrients such as amino acids
(AAs) can be limiting, and extracellular proteins are used as
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alternative resources.[3–7] Recent studies
found that in desmoplastic microenviron-
ments, pancreatic and breast cancer cells
can internalize proteolytic extracellular ma-
trix (ECM) fragments such as peptides de-
rived from fibronectin and type I collagen,
which accounts for most of the extracel-
lular biomass in these tumors.[8–11] Degra-
dation of ECM-derived peptides in lyso-
somes contributes to AA supply that fuels
the tumor metabolism and supports tumor
survival and proliferation.[10–12] In addi-
tion, high collagen density has been linked
with metabolism rewiring in breast can-
cer cells.[7,13] However, the mechanism un-
derlying ECM breakdown under nutrient-
depleted conditions is unknown.

The cell response to nutrients is con-
trolled by the kinase mechanistic target of
rapamycin (mTOR), which assembles into
distinct protein complexes known as mTOR
Complex 1 and 2 (mTORC1 and -2).[14] Only
mTORC1 is sensitive to acute treatment

by the anticancer drug, rapamycin.[14] Under AA replete
conditions, mTORC1 localizes to the lysosome surface and
phosphorylates several substrates including S6K and 4E-BP1,
promoting protein translation and cell growth. Upon AA star-
vation, mTORC1 is inactivated inducing autophagy, cellular
catabolism, and translation shut down.[14] Dysregulation of
the PI3K/Akt/mTOR signaling pathway is linked with breast
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cancer initiation and progression and regional heterogeneity in
immunohistochemical profiles of phosphorylated (p)‑mTOR and
its downstream signaling effectors, pS6K, and p4E-BP1 have
been described in relation with metabolic alterations.[15,16]

The protease-dependent invasion program of tumor cells is
mediated by invadopodia, which are F-actin-, cortactin-based
cell–matrix contacts that enzymatically degrade and push confin-
ing ECM fibers aside to allow cell movement.[17–20] The scaffold-
ing protein, TKS5, plays a pivotal role in the assembly and surface
accumulation of the trans-membrane matrix metalloproteinase
and collagenase, MT1-MMP, to invadopodia.[20–23] Here, we in-
vestigated the mechanism of ECM degradation under conditions
of nutrient scarcity in relation with mTOR signaling. Our find-
ings uncover a novel mechanism that leads to the repurposing of
the invadopodial MT1-MMP/TKS5 axis. This program, which is
controlled by mTOR signaling, inhibits the endocytic clearance
of MT1-MMP and triggers its accumulation in arrested plasma
membrane clathrin-coated pits (CCPs) to actively degrade the col-
lagen matrix in an AA-depleted environment.

2. Results

2.1. Starvation of Tumor Cells Stimulates Invadopodia-Mediated
Pericellular Matrix Degradation

MDA-MB-231 cells were selected as a model of breast cancer
cells known for producing a robust invadopodial response at
matrix contact sites.[20] When plated on fluorescently labeled
gelatin for 60 min in complete medium (CM), several gelatin
degradation spots were visible underneath the cells, which coin-
cided with punctate invadopodia positive for TKS5 (endogenous
or overexpressed GFP-tagged protein) located underneath or in
the vicinity of the nucleus (Figure 1a and Figure S1a, Supporting
Information). The consequences of starvation on ECM degrada-
tion were assessed by culturing cells in AA- and serum-depleted
medium (EBSS). Starvation robustly increased the degradation of
gelatin by MDA-MB-231 cells (Figure 1a,b and Figure S1a, Sup-
porting Information). This response was abolished by treatment
with the broad-spectrum MMP inhibitor, GM6001 (Figure 1b).
Increased gelatinolysis correlated with a 4-5-fold increase in the
density of matrix-degradative TKS5-positive structures, which
were reduced in size as compared with those in cells incubated in
CM (Figure 1c,d). Analysis of the invadopodia distribution along
a cell centroid-to-periphery axis (0-1 position) revealed that in-
vadopodia were homogeneously scattered throughout the entire
adherent cell surface in starved cells in contrast to their typical
central localization in cells in replete conditions (Figure 1e). In
order to exclude that association of TKS5-positive dotty structures
with degradation spots was by chance due to the high structure
density in starved cells, TKS5 positions were randomly scram-
bled 5000 times, and the association of TKS5-positive structures
with degradation spots was calculated for each scrambled image
(Figure S1b,c, Supporting Information). The observed associa-
tion values exceeded all those calculated for randomly scrambled
images ruling out that TKS5 association with degradation spots
was random (Table S5, Supporting Information).

Cells were embedded within a 3D fibrillar collagen network,
the main component of interstitial ECM tissue, and stained with
a Col1-¾C antibody that recorded collagen cleavage cumulated

over the incubation period. Similar to the gelatinolysis response,
collagen cleavage by starved cells was strongly enhanced as com-
pared to replete conditions (Figure 1f,g). Although the associa-
tion of the invadopodia components, cortactin, and TKS5, with
cleaved fibers was visible irrespective of nutrient availability, in-
vadopodia occupied a much larger portion of the cell surface
and were more fragmented in starved cells (Figure 1h and Fig-
ure S1d, Supporting Information). MT1-MMP can be inhibited
by tissue inhibitors of metalloproteinases (TIMPs), including
TIMP-2 which is present in tissues and biological fluids includ-
ing serum.[24] EBSS medium was supplemented with increasing
amount of recombinant TIMP-2 from two independent sources.
Only at the dose of 2 μg mL−1 (i.e., 20-200-fold TIMP-2 concen-
tration in CM, not shown),[24] was recombinant human TIMP-2
capable of fully repressing collagenolysis (Figure S1e, Support-
ing Information). These data show that the absence of TIMP-2 in
EBSS condition does not account for the observed changes in ma-
trix degradation by starved cells. Moreover, it is likely that TIMP-
2 concentration is reduced in tumors embedded within a dense
collagen-rich desmoplasia lowering vascularization.

As reported, silencing of MT1-MMP or TKS5 inhibited colla-
gen cleavage in MDA-MB-231 cells in replete conditions (Figure
S1f,g, Supporting Information).[23] Depletion of MT1-MMP or
TKS5 also abolished collagenolysis in starved cells (Figure 1i).
MT1-MMP was similarly required for induction of gelatinoly-
sis in EBSS (Figure S1h, Supporting Information). Induction of
collagenolysis upon starvation and MT1-MMP and TKS5 depen-
dency were seemingly observed in pancreatic adenocarcinoma
Bx-PC3 cells, which expressed levels of the main invadopodia
components similar to breast MDA-MB-213 cells (Figure S2a,d,
Supporting Information). Collectively, these findings indicate
that increased matrix degradation by AA-depleted cells is medi-
ated by a MT1-MMP and TKS5-dependent mechanism in breast
and pancreatic tumor cells.

We compared the capacity of cells to remodel collagen fibers
in nutrient replete or deplete environments by live cell imaging.
TKS5GFP-positive invadopodia in cells in replete conditions were
highly dynamic and were able to push aside and bundled the
contacted collagen fibers (Figure 1j and Movie S1, Supporting
Information).[20] In contrast, fragmented and mostly static TKS5-
positive structures were visible in AA-starved cells with the lit-
tle remodeling of the underlying fibers over time (Figure 1k and
Movie S2, Supporting Information). These observations demon-
strate that tumor cells switch from a potent matrix remodeling
and invasive mode in replete conditions typical of disseminat-
ing cells, to an exclusive matrix degradation and possibly nutrient
sourcing program in nutrient-scarce conditions.

2.2. Induction of the MT1-MMP Collagenolytic Response Upon
Starvation of TNBC PDX Explants

To generalize these findings to a model close to the human dis-
ease, we used cells obtained from triple-negative breast cancer
patient-derived xenografts (PDX).[25,26] Cells isolated from several
independent PDXs were cultured ex vivo in a 3D type I collagen
gel in AA-replete or depleted conditions and their collagenolytic
activity was assessed (Figure 2a). PDX-derived cells were pri-
marily composed of cytokeratin-8-positive carcinoma cells and
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Figure 1. Enhanced matrix degradation and requirement for MT1-MMP and TKS5 in AA- and serum-starved cells. a) Deconvoluted images showing
MDA-MB-231 cells expressing TKS5GFP (green) plated on fluorescently-labeled gelatin (red) for 60 min in CM or EBSS starvation medium depleted
for AAs and serum. Higher magnification of the boxed region is shown in the insets. Dotted lines, cell and nucleus contour. Scale bars, 10 μm, 2 μm
(insets). b) Gelatin degradation by MDA-MB-231 cells cultured in the indicated conditions. c) Mean density of TKS5-positive invadopodia ± SEM
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fibroblasts, the latter being identified based on their character-
istic spindle-shaped morphology (not shown). In five out of eight
PDXs, overnight incubation in EBSS resulted in a strong induc-
tion of pericellular collagen degradation as compared to the com-
plete medium (Figure 2b,c). Moreover, treatment with GM6001
inhibited collagenolysis supporting the conclusion that stimula-
tion of ECM degradation requires MMP activity in starved PDXs
(Figure 2d). Starvation of the PDXs correlated with reduced phos-
phorylated 4E-BP1 (Ser65) level as a proxy for mTORC1 kinase
activity as compared to conditions of nutrient sufficiency (Fig-
ure 2d). Additionally, we found a correlation between the inten-
sity of the starvation-induced collagenolytic response with MT1-
MMP, and to some extent TKS5, expression levels in PDX (for
instance compare the response of TKS5Low and MT1-MMPLow

HBCx-66, HBCx-92 and HBCx-172 and MT1-MMPHigh HBCx-4B
and HBCx-60 PDXs, Figure 2e,f). Collectively, these data support
the conclusion that nutrient scarcity enhances collagenolysis in
breast PDXs in relation with the TKS5/MT1-MMP axis.

2.3. Regulation of the Collagenolytic Response by mTOR
Signaling

mTOR is the master regulator of the cell’s response to nutri-
ent and AA availability.[14] As expected, mTORC1 activity was
strongly repressed in cells cultured for 1 h in EBSS as com-
pared to CM as shown by the reduction in phosphorylated S6K
(Thr389) and p4E-BP1 levels (Figure 3a,e,h). Replenishment of
EBSS with free AAs similar to their concentration in CM (see Ta-
ble S4, Supporting Information) partially restored mTORC1 ac-
tivity (Figure 3a), and was correlated with a 50–60% reduction
of collagen cleavage by MDA-MB-231 cells as compared to EBSS
(Figure 3b). These findings indicated that nutrient scarcity, in par-
ticular the lack of free AAs, strengthens the collagenolytic activ-
ity of breast MDA-MB-231 tumor cells, and that the absence of
serum components accounted for ≈50% of the response. In ad-
dition, it has been shown that oncogenic Ras mutations promote
macropinocytic uptake of extracellular proteins such as serum al-
bumin, which are catabolized in lysosomes and serve as an AA
source to sustain cancer cells’ metabolic needs.[3,4,27] We observed
that supplementing EBSS with 3% bovine serum albumin (BSA)
partially restored pS6K levels in agreement with the mutated
KRAS status of MDA-MB-231 cells (Figure 3c, and Figure S3a,
Supporting Information),[28,29] and resulted in a ≈60% reduc-
tion of collagen cleavage as compared to EBSS alone (Figure 3d).
Alltogether, these data suggest a correlation between mTORC1

activity and ECM degradation, i.e., mTORC1 inhibition correlates
with the induction of matrix degradation by breast tumor cells.

In agreement with this assumption, we observed that inhi-
bition of mTORC1 activity by acute rapamycin treatment of
cells grown in nutrient-replete conditions (CM) (Figure 3e, and
Figure S3b–d, Supporting Information), resulted in a ≈2.5-4-fold
increase in collagen or gelatin degradation (Figure 3f and Figure
S3e, Supporting Information). In contrast, collagenolysis was
only marginally increased upon rapamycin treatment in EBSS
(Figure 3f), in conjunction with the fully repressed mTORC1
status in starved cells (Figure 3e, and Figure S3b–d, Supporting
Information). Interestingly, reduced collagenolysis upon EBSS
supplementation with free AAs was abolished in cells treated
with rapamycin in parallel with fully repressed mTORC1 activ-
ity (Figure 3a,b). mTORC1 integrates convergent AA-sensing
signals from Rag and signaling inputs from Rheb GTP-binding
proteins on endolysosomes.[14] The TSC complex (TSC1, TSC2,
and TBC1D7), which acts as a GTPase activating protein (GAP)
for Rheb, is recruited to the endolysosomes by Rag GTPases
upon AA removal causing Rheb inactivation.[30] Expectedly, we
observed a redistribution of mTOR from perinuclear vesicular
compartments in CM to a diffuse cytosolic mTOR staining
along with the disappearance of p4E-BP1 and pS6K signals in
starved cells consistent with endolysosome dissociation and
repression of mTOR (Figure 3g,h). In agreement with previ-
ous observations,[30] we found that starved cells silenced for
TSC2 and TBC1D7 subunits failed to completely inactivate
mTORC1 as shown by residual mTOR association with perin-
uclear membrane compartments and detection of pS6K and
p4E-BP1 signal (Figure 3g,h). TSC2 and TBC1D7 knockdown
led to approximately twofold reduction of gelatinolysis in EBSS
that strongly correlated with some persistence of active mTOR
on perinuclear endolysosomes (Figure 3g,i). Collectively, these
data are consistent with a direct control of ECM degradation by
mTORC1 activity.

In order to further strengthen the interplay between mTORC1
activity and the ECM degradation response, autophagy levels
were investigated in starved cells in the absence or presence of
type I collagen by staining for the autophagy marker, LC3.[31] As
expected, LC3-positive vesicular structures increased upon star-
vation of MDA-MB-231 cells cultured on plastic as compared to
replete conditions (Figure 3j,k). Interestingly, autophagy was sig-
nificantly reduced in starved cells cultured in the presence of type
I collagen, and this effect was partially abrogated upon MMP inhi-
bition by GM6001 treatment (Figure 3j,k). All together, these re-
sults confirm that AA scarcity represses mTORC1 activity leading

(invadopodia μm-2). d) Mean size of TKS5-positive invadopodia ± SEM (μm2). e) Mean percentage distribution of TKS5-positive invadopodia according
to their cell center-to-cell periphery (0-1) position in MDA-MB-231 cells cultured in the indicated conditions. f) MDA-MB-231 cells embedded in a
3D collagen I gel (magenta) for 6 h in the indicated medium and stained for cleaved collagen (red); F-actin (green); nucleus (blue). Scale bar, 10 μm.
g) Collagen degradation by MDA-MB-231 cells cultured in CM or EBSS media normalized to EBSS value. h) Deconvoluted images showing MDA-MB-231
cells expressing TKS5GFP cultured on a fibrillar type I collagen network (cyan) for 60 min in indicated medium and stained for TKS5GFP (green), cleaved
collagen fibers (red), and nucleus (blue). Higher magnification of boxed regions is shown in the insets. Arrowheads, TKS5GFP-positive invadopodia.
Scale bar, 10 μm. i) Collagen degradation by MDA-MB-231 cells treated with the indicated siRNAs. j,k) MDA-MB-231 cells expressing TKS5GFP were
cultured on fluorescently-labeled type I collagen in CM or EBSS medium and imaged over time (1 image min−1) by video microscopy (see Movies S1
and S2, Supporting Information). The first and 20th images of representative time-lapse sequences are displayed in the upper left row showing TKS5GFP-
positive invadopodia using an inverted grayscale lookup table. The upper right row shows the collagen network using a Fire lookup table. The dotted
lines underline the cell contour. The bottom row displays color-coded time projections of seven images at 10-min intervals showing the dynamics of
TKS5GFP-positive invadopodia and the remodeling of type I collagen fibers over time.
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Figure 2. Induced collagenolysis in starved TNBC PDX ex vivo. a) Scheme depicting the preparation and analysis of breast cancer-derived PDX explants.
b) PDX cells embedded in type I collagen in the indicated culture conditions were fixed and epithelial breast tumor cells were stained for Cytokeratin-
8 (green) and cleaved collagen (red). DAPI-stained nuclei are shown in blue. Scale bar, 10 μm. c) Collagen cleavage by epithelial breast tumor cells
derived from PDXs cultured in CM or EBSS medium in the presence or absence of GM6001. d) Levels of phosphorylated (p)4E-BP1 in epithelial breast
tumor cells derived from PDXs cultured in CM or EBSS medium. e) Representative western blots of TKS5 and MT1-MMP expression in the PDX-derived
cells grown in complete medium. Actin was used as a loading control. Molecular weights are in kDa. f) Levels of MT1-MMP and TKS5 expression in
PDXs normalized to F-actin based on immunoblotting analysis show in panel d were summed up (x-axis) and plotted vs. the percentage of collagen
degrading-cells (y-axis) for each starved PDX.
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Figure 3. Regulation of ECM degradation by mTORC1. a,b) Phosphorylated (p)S6K (Thr389) in MDA-MB-231 cells incubated for 60 min in CM or EBSS
medium supplemented with AA in the presence or absence of rapamycin. Actin was used as a loading control (panel a). Collagen cleavage by MDA-MB-
231 cells incubated in the indicated conditions (panel b). c) Levels of pS6K in MDA-MB-231 cells incubated for the indicated period of time in CM or EBSS
medium supplemented with 3% BSA. d) Collagen cleavage by MDA-MB-231 cells incubated for 60 min in the indicated medium. e) Immunoblots of
total and phosphorylated S6K, 4E-BP1 (Ser65), and AKT (Ser473) in MDA-MB-231 cells incubated for 60 min in the indicated medium in the presence of
mTOR inhibitor, rapamycin, or with the corresponding vehicle with actin used as a loading control. f) Collagen cleavage by MDA-MB-231 cells incubated
for 60 min in indicated medium with or without rapamycin. g) MDA-MB-231 cells treated with the indicated siRNAs, were plated on fluorescently-labeled
gelatin (green) for 60 min in CM or EBSS starvation medium. Cells were fixed and analyzed by immunofluorescence staining for mTOR (red). The cell
contour is shown with a dotted line. Scale bar, 10 μm. h) Immunoblots of TSC2, TBC1D7, p4E-BP1, and pS6K in MDA-MB-231 cells incubated for 60 min
in the indicated medium. Tubulin was used as a loading control. i) Gelatin degradation by MDA-MB-231 cells cultured in the indicated conditions.
j,k) Quantification of autophagy LC3 puncta in MDA-MB-231 cells cultured in the indicated conditions normalized to the mean value in cells grown in
CM medium on plastic ± SEM. Scale bar, 10 μm.
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to the induction of autophagy and show that the autophagy re-
sponse is inhibited by type I collagen in the presence of active
MMP (presumably MT1-MMP). These data suggest that colla-
gen breakdown by MT1-MMP may produce AA resources,[10–11]

which restore some level of mTOR activity leading to the down-
modulation of the autophagy response in starved MDA-MB-231
cells.

2.4. Endocytic Arrest and CCP Retention of MT1-MMP in Starved
Cells

Total levels of MT1-MMP remained steady for at least 6 h in
starved cells suggesting some redistribution of a preexisting pool
to support the increase in collagenolysis (Figure S4a, Supporting
Information). The influence of nutrient availability on the distri-
bution of MT1-MMP was analyzed. Confirming previous obser-
vations, MT1-MMP fused with a GFP variant (pHLuorin)-tag lo-
calized predominantly in perinuclear late endosomes/lysosomes
from which it can recycle to plasma membrane invadopodia
(Figure 4a,b).[32] In addition, in cells grown in replete conditions,
MT1-MMP was detected in plasma membrane accumulations in
association with the underlying collagen fibers (i.e., invadopodia,
Figure 4a). In contrast, MT1-MMP had an extensive dotty-like
surface distribution in cells cultured in EBSS (Figure 4b). Endo-
cytic CCPs cover the entire cell surface and display an archetypi-
cal dotty distribution. Moreover, the LLY573 motif in the carboxy-
terminal tail of MT1-MMP is known to interact with the clathrin
adaptor AP-2 complex involved in MT1-MMP surface clearance
(see below).[33] Counterstaining for the 𝛼-adaptin subunit of AP-2
revealed that MT1-MMP-positive puncta were in close proximity
to CCPs in starved cells (Figure 4b). Additionally, we noticed a
1.6-fold increase in the density of CCPs at the plasma membrane
of starved cells as compared to cells grown in CM (Figure 4c).

Similarly, we observed a striking association of gelatin
degradation spots and AP-2-positive CCPs in cells plated on
fluorescently-labeled gelatin matrix grown in EBSS medium
(Figure 4d, right panel and Figure S4b,c, Supporting Informa-
tion). MT1-MMP punctate accumulations also coincided with the
degradation spots (Figure S4d, Supporting Information). All to-
gether, accumulations of TKS5 (Figure 1a), AP-2 (Figure) and
MT1-MMP (Figure S4d, Supporting Information) in association
with a prominent dotty matrix degradation pattern appear as a
strong emerging feature of starved cells.

Constitutive endocytosis of the transferrin (Tfn)-receptor is
mediated by clathrin and AP-2 and can be readily monitored
using fluorophore-conjugated Tfn. We followed the decay of
TfnAF546 from 𝛼-adaptin-positive CCPs overtime in cells cultured
in CM or EBSS as a quantification of clathrin-mediated endo-
cytosis (CME). While CCP-associated TfnAF546 rapidly decayed
in cells incubated in CM medium in the absence of fluores-
cent ligand, the intensity of receptor-bound TfnAF546 associated
with CCPs remained almost constant over the 10 min pulse in
EBSS (Figure 4e,f). Internalized TfnAF546 rapidly reached EEA1-
positive early endosomes in cells incubated in nutrient-replete
conditions, while the amount of TfnAF546 detected in early endo-
somes was much lower in starved cells consistent with the re-
duction in Tfn uptake (Figure 4g). Additionally, we followed the
dynamics of μ-adaptinmCh-positive CCPs by TIRF-M and found

approximately twofold increase in the percentage of stable CCPs
(lifetime > 295 s) in EBSS versus CM conditions (Figure 4h and
Movie S3, Supporting Information), in agreement with the ob-
served increase in CCP density and reduced CME flux. Inter-
estingly, TIRF-M also revealed some association between CCPs
and TKS5GFP-positive puncta that formed in their vicinity (Fig-
ure 4j and Movie S3, Supporting Information). Similar to stable
CCPs in starved cells, adjacent TKS5GFP-positive puncta also ap-
peared to be long-lived (Figure 4i, and Movie S3, Supporting In-
formation). Finally, we found that under conditions of endocytic
arrest in starved cells, the induction of gelatinolysis was abro-
gated by 𝛼-adaptin knockdown (Figure 4j and Figure S4e, Sup-
porting Information). This was in sharp contrast to the silencing
of clathrin heavy chain that did not significantly impair matrix
degradation nor AP-2 cluster formation (Figure 4j). All together,
these observations highlight the requirement for the clustering
of surface-exposed MT1-MMP to sustain the starvation-induced
ECM degradation response through a mechanism, which, likely,
involves the interaction of MT1-MMP with AP-2 in arrested CCPs
(see Figure S4f, Supporting Information).[33]

3. Discussion and Conclusion

We show that depletion of extracellular AAs and serum to repli-
cate conditions of nutrient scarcity in a collagen-rich microenvi-
ronment elicits a robust cancer cell-autonomous collagenolytic
response, exceeding by one-order-of-magnitude the ECM-
degradative activity of invasive breast and pancreatic cell lines
and breast PDXs. The pericellular ECM-degradation response to
starvation is triggered by mTOR inactivation and we identified
the key invadopodia components, TKS5 and MT1-MMP, as ma-
jor players. In contrast to its association to dynamically forming
invadopodia at ECM contact sites typical of invasive cells under
nutrient-replete conditions,[19–20] surface-exposed MT1-MMP ac-
cumulates at arrested CCPs in cells in a nutrient-scarce environ-
ment. Intriguingly, we observed some association between dy-
namic TKS5-positive assemblies and CCPs, which is enhanced
upon starvation. Interestingly, several CME regulators including
inositol 5-phosphatase, SHIP2, and its product, phosphatidyli-
nositol 3,4-bisphosphate (PI(3,4)P2), the F-BAR domain proteins,
CIP4 and FBP17, the Arp2/3 complex activator, N-WASP, and
cortactin are known TKS5 interactors involved in invadopodia
formation, suggesting that related mechanisms operate at CCPs
and invadopodia.[23,34–36] Interaction of TKS5 with stable CCPs in
conjunction with MT1-MMP clustering based on binding to the
AP-2 clathrin-adaptor complex is probably key to the repurposing
of CCPs into powerful ECM-degradative assemblies.

A dual role for collagenolytic invadopodia has been found dur-
ing tumor cell invasion.[20] On the one hand, limited proteoly-
sis of individual collagen molecules by invadopodial MT1-MMP
can soften the fibrils to facilitate cell passage during confined
invasion.[20] On the other hand, invadopodia can generate out-
ward forces to push collagen fibers aside using the energy of
actin polymerization.[20,37] Although CCPs have been found to
form in association with and can grab collagen fibers,[38] actin-
based forces generated at CCPs are inwardly oriented to facilitate
the budding of endocytic clathrin-coated vesicles.[39] Thus, it is
unlikely that CCPs could exert pushing forces on matrix fibers.
It is more plausible that the approximately 10-fold increase in
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Figure 4. Starvation induces MT1-MMP endocytic arrest. a,b) Deconvoluted images showing the distribution of MT1-MMPpHLuorin (green) and 𝛼-
adaptin-positive CCPs (red) in MDA-MB-231 cells cultured on fibrillar type I collagen (cyan) in the indicated medium. DAPI-stained nuclei are shown
in blue. White arrows, fluorescence signal of MT1-MMPpHLuorin in endolysosomes visible after cell fixation. Inset shows higher magnification of the
boxed region. Scale bar, 10 μm. Right panels, intensity profile (linescan) of 𝛼-adaptin and MT1-MMPpHLuorin signals (red arrows, CCPs). c) Mean density
of 𝛼-adaptin-positive CCPs ± SEM (CCP μm-2). d) Deconvoluted images showing the distribution of 𝛼-adaptin-positive CCPs (red) in cells plated on
fluorescently-labeled gelatin (green) in indicated medium. Dotted lines, cell and nucleus contour. Scale bars, 10 μm; 2 μm (insets). Red arrowheads,
CCP associated with gelatin degradation spots. Right panels, linescan intensity profiles of 𝛼-adaptin (red) and gelatin fluorescence in degraded areas.
e) Fluorescence signal of TfnAF546 (red) associated with 𝛼-adaptin-positive CCPs (green) in cells cultured in the absence of labeled Tfn in the indicated
medium. Scale bar, 2 μm. f) Kinetics of TfnAF546 uptake in MDA-MB-231 cells incubated in the indicated medium. g) Internalization of TfnAF546 (red) in
EEA1-enriched endosomes (green) is reduced upon cell starvation. Scale bar, 2 μm. h) Percentage of stable CCPs± SEM (lifetime> 295 s). i) Kymographs
showing CCP and TKS5 dynamics in cells expressing 𝜇-adaptinmCh and TKS5GFP plated on unlabeled gelatin in the indicated medium. Cells were imaged
by TIRF-M every 5 s for 5 min. j) Gelatinolysis by starved cells silenced for 𝛼-adaptin or CHC. Right panels show 𝛼-adaptin-positive CCPs in the different
cell populations. Scale bar, 2 μm.
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collagenolysis under nutrient restriction conditions leads to the
fragmentation of ECM fibers facilitating their internalization and
incorporation in the cell metabolism.[10–12] It is thus tempting to
speculate that MT1-MMP-rich CCPs in starved cells have limited
impact on tumor cell invasion, rather transforming the entire
plasma membrane into an ECM-degradative surface and promot-
ing a vigorous nutrient sourcing program.

Earlier studies in cell lines and in drosophila and mouse mod-
els revealed that genetic or pharmacological inhibition of mTOR
kinase impedes endocytosis, similar to the observations.[40–43]

Other reports highlighted that nutrient scarcity and mTORC1 in-
hibition stimulate the nutritional use of extracellular proteins and
that combined mTORC1 and -2 inhibition induces macropinocy-
tosis, the main route for extracellular protein uptake by can-
cer cells.[3–5,11,27,44] Collectively, despite mechanistic details that
are missing, these data point to some opposite effects of star-
vation and mTOR inhibition on the downmodulation of CME
and activation of macropinocytic (or related phagocytic) uptake,
which could cooperate in the production and internalization of
ECM fragments by tumor cells. The study suggests the extreme
capacity of cancer cells to rewire their nutritional plans and
metabolism for survival and growth in adverse conditions by re-
purposing an ECM proteolysis machinery. It also underscores po-
tential limitations of anti-mTOR therapeutic strategies as mTOR
inhibition can unleash the ECM-degradative potential of carci-
noma cells.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Supplementary Experimental Section 

Cell culture, transfection and siRNA treatment. Human MDA-MB-231 breast 

adenocarcinoma cells obtained from ATCC (ATCC HTB-26) were grown in L-15 

medium (Sigma-Aldrich) supplemented with 15% fetal calf serum (FCS) and 2 mM 

Gln (ThermoFisher Scientific) at 37°C in 1% CO2. The human pancreas 

adenocarcinoma cell line Bx-PC3 obtained from ATCC (ATCC CRL-1687) was grown 

in RPMI-1640 medium (ThermoFisher Scientific) supplemented with 10% fetal calf 

serum at 37°C in 5% CO2. Both cell lines were routinely tested for mycoplasma 

contamination. MDA-MB-231 cells stably expressing TKS5GFP or MT1-MMPpHLuorin 

were generated by lentiviral transduction.[1] For transient expression, MDA-MB-231 

cells were transfected with the plasmid constructs using AMAXA nucleofection 

(Lonza) and analyzed by live cell imaging 48 h after transfection. For starvation 

experiments, cells were cultured in EBSS medium (ThermoFisher Scientific) 

supplemented with MEM Vitamins (Gibco, composition in Table S1, Supporting 

Information) at 37°C in 5% CO2. For siRNA treatment, except for α-adaptin and 

clathrin heavy chain (CHC), we used SMARTpool reagents consisting of a mix of four 

individual siRNAs used at lower concentration in order to reduce potential off-target 

effects (see Table S2, Supporting Information, for a list of siRNAs used for this study). 

Cells were treated with the indicated SMARTpool mix (50 nM final concentration) 

using Lullaby (OZ Biosciences) according to manufacturer instructions and analyzed 

after 72 hrs of treatment. For silencing of α-adaptin and CHC, cells were treated 

twice with the siRNA (50 nM final concentration) at 48 hrs interval and analyzed 120 

hrs after initial treatment. 
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Antibodies and drugs. The source of commercial antibodies used for this study are 

listed in Table S3 (Supporting Information). The source and working concentration of 

drugs used in this study are listed in Table S4 (Supporting Information). 

Polymerization of type I collagen gel. A type I collagen polymerization mix was 

prepared on ice by adding 25 µM HEPES (final concentration) to a 2.2 mg mL-1 

acidic-extracted type I collagen solution (Corning) and pH was adjusted to 7.5 with 

0.34 N NaOH. When required for microscopic visualization of the collagen network, 2 

to 5% of a ~2 mg mL-1 solution of AlexaFluor 647-conjugated type I collagen was 

added to unlabeled collagen in the polymerization mix. When required, drugs were 

added to the appropriate final concentration in the polymerization mix (see Table S4, 

Supporting Information).  Polymerization was started by incubation at 37°C in a 

humidified chamber (CO2 cell incubator). 

Co-immunoprecipitation of MT1-MMPphLuorin-bound proteins. Cells stably 

expressing MT1-MMPpHLuorin from two 100-mm dishes (3×106 cells per dish plated the 

day before) were pulled and lysed in 500 µl of lysis buffer (50 mM Tris-HCl, pH 7.5,  

150 mM NaCl, 0.5 mM EDTA, 10 mM MgCl2, 10% glycerol, 60 mM β-glucoside, 1% 

NP-40, Protease inhibitor cocktail tablets (Roche #11873580001) and phosphatase 

inhibition cocktail 2 (Sigma Aldrich #P5726) for 15 min at 4°C.  Lysates were 

centrifuged at 17,700 x g for 10 min at 4°C. 50 µl of the supernant was kept as input 

and the rest was added to 30 μl of equilibrated control magnetic agarose beads 

(ChromoTek #bmab20) for 30 min at 4°C under mild rotation. The precleared lysate 

was then incubated with 30 μl of magnetic agarose beads coupled to anti-GFP 

nanobodies (GFPTrap; ChromoTek #gtma20) for 1 hr at 4°C under mild rotation. The 

beads were washed with washing buffer A (lysis buffer without β-glucoside and with 

0.7% NP-40), followed by two washes with washing buffer B (without β-glucoside and 
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NP-40). Proteins bound to the beads were immediately heated at 95°C for 10 min in 

Laemmli Sample Reducing buffer (63 mM Tris/HCl, pH 6.8, 2% sodium dodecyl 

sulfate (SDS), 5% glycerol, 2% β-mercaptoethanol, 0.005% bromophenol blue) and 

stored at −20°C. 

Western blot analysis. Cells treated under the indicated conditions were lysed in 

lysis buffer containing 50 mM Tris HCl (pH 8.0), 137 mM NaCl, 1% triton X-100, 10 

mM MgCl2, 10% glycerol, Protease inhibitor cocktail tablets (Roche #11873580001) 

and phosphatase inhibition cocktail 2 (Sigma Aldrich #P5726). Lysates were 

centrifuged at maximum speed (17,700 x g) for 30 min at 4°C. 4x Laemmli Sample 

Reducing buffer was added and samples were heated for 10 min at 95°C and 

analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on NUPAGE 3-8% 

Tris-acetate or 4-12% Tris-glycine gels (ThermoFisher Scientific). Proteins were 

transferred on a nitrocellulose membrane using the iBlot2 Dry Blotting System 

(Invitrogen). After incubating the membranes in 5% BSA or 5% skimmed milk in TBS 

(Interchim #UPU75132)-Tween 1%, proteins were detected by immunoblotting 

analysis with the indicated antibodies (see Table S3, Supporting Information). 

Antibodies were detected using the Enhanced Chemiluminescence reagent (ECL, 

Amersham RPN2232) on the ChemiDoc MP Imaging System (Bio-Rad). 

Quantification of pericellular collagenolysis. To measure pericellular 

collagenolysis on a thin layer of type I collagen gel, a 18-mm diameter glass coverslip 

was layered with 200 µl of the ice-cold 2.2 mg mL-1 AlexaFluor 647(AF647)-labeled 

type I collagen polymerization mix as described above. Excess collagen solution was 

removed by pipette aspiration to leave a thin smear of collagen solution on the glass 

coverslip. After 3 min of polymerization at 37°C, the collagen gel was gently washed 

in PBS and 7x104 cells were added and incubated for 1 at 37°C in CM or EBSS 
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medium in the presence or in the absence of AA supplements or drugs as indicated. 

Cells were pre-extracted with 0.1% Triton X-100 in 4% PFA in PBS for 90 sec at 

37°C and fixed in 4% PFA in PBS for 20 min at 37°C. Coverslips were treated with 

1% BSA in PBS for 30 min at room temperature then incubated with Col1-¾C and 

anti-cortactin antibodies diluted in 1% BSA in PBS for 2 hrs at 4°C. After three 

washes with PBS at 4°C, samples were counterstained with Cy3-conjugated anti-

rabbit IgG and A488-conjugated anti-mouse IgG antibodies for 60 min at 4°C, 

extensively washed in PBS and mounted in Prolong-DAPI mounting medium 

(Invitrogen). Images were acquired with a wide-field microscope (Eclipse 90i Upright; 

Nikon) using a 100x Plan Apo VC 1.4 oil objective and a cooled interlined charge-

coupled device (CCD) camera (CoolSnap HQ2; Roper Scientific). A z-dimension 

series of images was taken every 0.2 µm by means of a piezoelectric motor (Physik 

Instrumente). The system was steered by Metamorph software. Deconvolution was 

processed by Nikon NIS-Elements software (3D-deconvolution module; Lucy-

Richardson algorithm).  

For quantification of pericellular collagenolysis in a 3D collagen network, 40 µl of a 

6x104 cells/mL cell suspension in the 2.2 mg mL-1 type I collagen polymerization mix 

was added on top of a 12-mm diameter glass coverslip and polymerization was 

performed for 30 minutes at 37°C. The indicated culture medium was added and 

samples were incubated for 6 hrs at 37°C. Samples were fixed, permeabilized and 

stained with Col1-¾C antibody as described above except that samples were 

counterstained with Phalloidin-Alexa488 to visualize cell shape. Image acquisition 

was performed with an A1R Nikon confocal microscope with a 40x NA 1.3 oil 

objective using high 455 sensitivity GaASP PMT detector and a 595 +/- 50 nm band-

pass filter. Quantification of Col1-¾C signal (cleaved collagen) was performed with a 
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homemade ImageJ macro. Acquired z-planes were projected using maximal intensity 

projection in Fiji and Col1-¾C signal was determined using the thresholding 

command excluding regions <50-px to avoid non-specific signal. Col1-¾C signal area 

was normalized to the total cell surface (thin layer) or to the number of nuclei in field 

(3D network) and values normalized to control cells. 

Fluorescent gelatin degradation assay. MDA-MB-231 cells were plated for 1 to 5 

hrs on Oregon Green 488 (OR488) or AF594-conjugated cross-linked gelatin 

(Invitrogen) in EBSS or CM medium in the presence or absence of rapamycin as 

previously described.[2] Cells were pre-extracted with 0.1% Triton X-100 in 4% PFA in 

PBS for 90 sec at 37°C and fixed in 4% PFA in PBS for 20 min at 37°C and then 

stained with the indicated antibodies or with fluorescently-labeled phalloidin to stain 

F-actin. Cells were imaged with a 100x objective on a wide-field microscope 

equipped with a piezoelectric motor as above. For quantification of degradation, the 

area of degraded matrix (black pixels) measured with the threshold command of 

ImageJ was divided by the total cell surface and values were normalized to control 

cells. The regions of interest delimiting the gelatin degradation were saved for further 

analysis, such as the assessment of AP-2 association (see below). Linescans were 

performed using Fiji software. Deconvolution was processed by Nikon NIS-Elements 

software (3D-deconvolution module; Lucy-Richardson algorithm). 

Quantification of invadopodia parameters. 7x104 MDA-MB-231 cells stably 

expressing TKS5-GFP were plated on top of a coverslip coated with AF405- or AF594-

conjugated gelatin and incubated for 1 hr in CM or EBSS medium. After fixation and 

permeabilization, cells were stained with anti-GFP antibodies. TKS5 positive 

structures were detected using the threshold command of ImageJ set with constant 

upper and lower threshold values. TKS5-positive structures outside of the regions of 
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degraded gelatin were eliminated from the analysis. The distance of the invadopodia 

to the cell centroid was measured on ImageJ with a homemade macro. Briefly, a line 

was created between the cell centroid and the invadopodia, then extended to the 

nearest cell periphery point. The reported distance is the distance between the 

invadopodia and the cell centroid normalized by the distance between the cell 

periphery and the cell centroid.  

Quantification of CCP density. 7x104 MDA-MB-231 cells were plated on top of a 

coverslip coated with gelatinOR488 and incubated for 1 hr in CM or EBSS medium. 

After fixation and permeabilization, cells were stained with α-adaptin as described 

above. CCPs in the entire cell were detected using the Find Maxima command of 

ImageJ and the number of detected CCPs was divided by the area of the cell. CCPs 

positions were saved for further analysis (see below). 

Randomization of AP-2 distribution over gelatin degradation spots. To measure 

the association of α-adaptin positive CCPs with gelatin degradation spots, CCPs and 

degradation spots were detected as described above and their positions as well as 

the position of all pixels inside the cell (total pixels) defined by their X and Y 

coordinates were saved. For each CCP, (X, Y) positions were randomly drawn from 

all pixels of the cell, effectively changing the position of CCPs inside the cell in a 

random fashion (see Figure S3B, Supporting Information). This randomization 

procedure was performed 5,000 times per cell and the number of CCPs associated 

with gelatin degradation was measured each time. The true value of CCP association 

with gelatin degradation was calculated and compared to the randomized values. 

Synthetic images displaying cell contour (white line), degradation spots (black) and 

associated CCPs (red crosses) were generated with ImageJ. This procedure was 
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repeated for ten independent cells with p-values ranging from 0 to 0.0142 (mean p-

value = 0.001). 

Tfn uptake assay. 7x104 MDA-MB-231 cells plated on a 18-mm diameter glass 

coverslip were incubated overnight at 37°C in CM. Cells were washed twice with PBS 

before incubation in EBSS or CM medium for 1 hr at 37°C, then transferred on ice 

and washed twice with ice-cold EBSS or L15 medium supplemented with 1% BSA 

and 20 mM HEPES pH 7.5. Coverslips were incubated with 20 µg mL-1 of AF546-

conjugated Tfn (ThermoFisher) in the same medium for 1 hr at 4°C. Cells were fixed 

with 4% PFA in PBS or incubated in pre-heated CM or EBSS for 2, 5 or 10 min at 

37°C before fixation. After permeabilization with 0.1% Triton X-100 in PBS for 15 min, 

samples were incubated with anti-α-adaptin (overnight at 4°C) or with anti-EEA1 

antibodies (1 hr at room temperature), and then counterstained with AF488-

conjugated anti-mouse antibodies (1 hr at room temperature). Stacks of images were 

acquired with a wide-field microscope (Eclipse 90i Upright; Nikon) steered by 

Metamorph software as described above. For analysis, the plane corresponding to 

the plasma membrane was selected. CCPs positive for α-adaptin in a selected region 

were detected and segmented using the manual threshold command of ImageJ. The 

regions of interest (ROI) were saved and copied on the Tfn image. The mean 

intensity of Tfn inside each ROI was measured and a frequency histogram was 

generated with a normalization to T0. 

Quantification of LC3-positive puncta. 7x104 MDA-MB-231cells were plated on 

collagen-coated or on non-coated 18-mm diameter glass coverslips as previously 

described and incubated for 4 at 37°C in CM or in EBSS medium. Cells were fixed 

with 4% PFA in PBS for 10 min and permeabilized with 0.05% saponin (Sigma-

Aldrich) in PBS for 10 min. Samples were blocked in PBS with 0.05% saponin and 
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5% FCS for 30 min at room temperature and stained with anti-LC3 and anti-p4E-BP1 

antibodies for 2 hrs at room temperature. After three washes, samples were 

counterstained with Cy3-conjugated anti-mouse IgG and Alexa488-conjugated anti-

rabbit IgG antibodies and mounted in Prolong-DAPI medium. Image acquisition was 

performed by wide-field microscopy as previously described. Quantification of LC3-

positive vesicles was performed by maximal orthogonal projection of the series of 

optical sections (the distance between two sections is 0.2 µm). Cells were manually 

delimited using the p4E-BP1 signal while LC3 signal was denoised and thresholded 

to detect LC3-positive autophagic vesicles. Detected spots were counted and saved 

for visual verification. No manual correction was done. The average number of LC3-

positive puncta per cell was normalized to the value in CM-treated cells set to 1. 

Dynamics of TKS5- and µ-adaptin-positive structures by live cell total internal 

reflection fluorescence microscopy (TIRF-M). MDA-MB-231 cells transfected with 

GFP-tagged TKS5 and mCherry-tagged µ-adaptin were plated in CM or EBSS on 

glass bottom dishes (Ibidi Corporation) layered with unlabeled cross-linked gelatin as 

previously described. Simultaneous dual color TIRF-M sequences were acquired with 

an inverted microscope (Eclipse-Ti-E, Nikon) equipped with a 100x PlanApo TIRF 

objective (1.47 NA), a TIRF arm, an image splitter (DV; Roper Scientific) installed in 

front of the EMCCD camera (Photometrics) and a temperature controller. GFP and 

m-Cherry were excited with 491- and 561-nm lasers, respectively (50 mW, Gataca 

Systems) and fluorescent emissions were selected with bandpass and longpass 

filters (Chroma Technology Corp). The system was driven by Metamorph. For 

quantification of CCP dynamics, CCP lifetime was measured using the TrackMate 

plugin of FIJI.[3] At least 300 CCPs from at least 6 cells per condition and per 
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experiment were tracked from three independent experiments. Data are expressed 

as mean lifetime ± sem. 

Ex-vivo culture of TNBC patient-derived xenografts. Breast cancer patient 

derived xenografts were obtained from triple-negative breast tumors and generated 

as described.[4] After surgical excision of the tumor xenograft, tumor cells were 

dissociated in DMEM/F12 medium supplemented with collagenase and 

hyaluronidase (SIGMA-Aldrich, 1X final) in 10 mM HEPES, 7.5% BSA Fraction V 

(Gibco), 5 µg mL-1 insulin (SIGMA-Aldrich) and 50 µg mL-1 gentamycin (GIBCO) for 1 

hr at 37°C on a rotating wheel at 180 rpm as previously described.[5] Samples were 

washed with DMEM/F12 medium and digested with 0.25% of trypsin (Gibco) for 2 

min at 37°C. Trypsin was neutralized in HBSS medium (Invitrogen) supplemented in 

10 mM HEPES and 2% FCS. Then, samples were treated with dispase (5 UI mL-1, 

StemCell Technologies) and DNAse I (1mg mL-1 in DMEM, Sigma for 2 min at room 

temperature and then incubated in neutralization buffer supplemented with NH4Cl 

(0.8%, StemCell Technologies) to remove red blood cells. After filtration through a 40 

µm Cell Strainer (Corning), tumor cells were plated in a 25-cm2 cell-culture flask for 

16 hrs at 37°C in DMEM/F12 medium supplemented with 10% FCS. For the 

pericellular collagenolysis assay, non-attached PDX tumor cells in the culture 

supernatant were resuspended in a 2,2 mg mL-1 collagen I solution as described 

above and incubated for 16 hrs in CM or EBSS medium with or without GM6001. 

After fixation with PFA 4% for 20 min and permeabilization with Triton 0.1% in PBS 

for 5 min, samples were stained with Col1-¾C and anti-Keratin-8 (K8) antibodies (2 

hrs at 4°C) or anti-phospho-4E-BP1 and anti-Keratin-8 antibodies (1 hr at 4°C), 

counterstained with fluorescently labeled secondary antibodies and mounted. Image 
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acquisition was performed with an A1R Nikon confocal microscope as described 

above. 

Statistics and reproducibility. All data are presented as mean ± S.E.M. from at 

least three independent experiments except indicated otherwise. GraphPad Prism 

software was used for statistical analysis. Data were tested for normal distribution 

using the D’Agostino-Pearson normality test and nonparametric tests were applied 

otherwise. One-way ANOVA, Kruskal-Wallis or Mann-Whitney tests were applied as 

indicated in the figure legends and are summarized in Supplemental Table 5. 

Statistical significance was defined as *, P<0.05; **, P<0.01; ***, P<0.001; ****, 

P<0.00001; ns, not significant.  
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Supplementary Figure legends 

 

Figure S1. Matrix degradation by starved cells. (a) MDA-MB-231 cells plated on 

fluorescently-labeled gelatin (green) for 60 min in CM or EBSS starvation medium 

depleted for AAs and serum and stained for TKS5 (magenta). Higher magnification of 
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boxed regions is shown in the insets. Arrowheads, TKS5-positive invadopodia; dotted 

lines, cell and nucleus contour. Scale bar, 10 µm. (b) Synthetic images showing 

virtual TKS5-positive invadopodia (depicted as red crosses) overlapping with the 

mask representing the degraded zones of gelatin (black spots over a green 

background). In the left image, the position of TKS5-positive structures corresponds 

to their observed position in the original microscopy image (see Figure 1A, EBSS). 

The right image corresponds to one of the 5,000 scrambled images generated by 

randomization of CCP positions on the mask of the degradation zones. (c) TKS5+ 

invadopodia were scrambled 5,000 times and the histogram shows the number of 

randomized TKS5+ invadopodia associated with gelatin degradation spots. The true 

unscrambled value (n=422) exceeds the randomized values, indicating high 

statistical confidence in non-random association of TKS5+ invadopodia with 

degradation areas (see also Supplemental Table 5). (d) Deconvoluted images 

showing MDA-MB-231 cells cultured on a fibrillar type I collagen network (cyan) for 

60 min in indicated medium and stained for cortactin (green); cleaved collagen fibers 

(red); nucleus (blue). Scale bar, 10 µm. Higher magnification of boxed regions is 

shown in the insets. Arrowheads, cortactin-positive invadopodia. (e) Collagen 

cleavage by MDA-MB-231 cells incubated for 60 min in CM or EBSS medium 

supplemented with 15, 75 or 2000 ng mL-1 recombinant human TIMP2 protein from 

two independent suppliers (rhTIMP2#1 and #2). (f) Representative western blots of 

MT1-MMP and TKS5 expression with actin as loading control in MDA-MB-231 cells 

treated with indicated siRNAs. (g) Collagen cleavage by MDA-MB-231 cells knocked-

down for MT1-MMP or TKS5 or treated with a non-targeting siRNA and cultured in 

CM. (h) MDA-MB-231 cells knocked-down for MT1-MMP or treated with a non-

targeting (siNT) siRNA were plated on fluorescently-labeled gelatin in CM or EBSS 
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medium for 2 hrs. The cell contour is shown with a black dotted line. Scale bar, 10 

µm. The graph shows the gelatin degradation normalized to the degradation of cells 

grown in EBSS medium ± SEM.  
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Figure S2. AA starvation induces matrix degradation in pancreatic Bx-PC3 

tumor cells. (a) Comparison of the expression of key invadopodia components by 

immunoblotting analysis in MDA-MB-231 and Bx-PC3 cell lysates with actin as 

loading control. Molecular weights are in kDa. (b) Pancreatic ductal adenocarcinoma 

Bx-PC3 cells were cultured on a layer of fibrillar type I collagen (gray) for 60 min in 

indicated medium and stained for cortactin (green) and cleaved collagen I (Col1-¾C, 

red). Scale bar, 10 µm. Insets, higher magnification of boxed regions using inverted 

lookup tables (collagen fibers are in blue, cortactin or Col1-¾C signal is in red). Scale 

bar, 5 µm. (c) Collagen cleavage by Bx-PC3 cells was measured by Col1-¾C 

neoepitope staining and normalized to mean value of cells starved in EBSS ± SEM. 

(d) Collagen cleavage by Bx-PC3 cells knocked-down for MT1-MMP or TKS5 or 

treated with a non-targeting siRNA and cultured in EBSS medium. 
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Figure S3. Phosphorylation of mTOR substrates in cells treated with 

rapamycin. (a) Levels of phosphorylated S6K in MDA-MB-231 cells cultured in 

EBSS medium in the absence or presence of 3% BSA normalized to pSK6 levels in 

CM medium from two independent experiments (see Figure 3C). (b-d) Levels of 

phosphorylated (p)S6K (panel A), p4E-BP1 (panel B) or pAKT (panel C) normalized 

to actin levels in MDA-MB-231 cells cultured in CM or EBSS medium in the presence 
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or absence of rapamycin from three independent experiments (see Figure 3E). (e) 

Gelatin degradation by MDA-MB-231 cells incubated for 5 hrs in CM with or without 

rapamycin. Scale bar, 10 µm. 

 

Figure S4. Matrix degradation correspond to MT1-MMP accumulation in 

arrested CCPs. (a) MT1-MMP levels analyzed by western blot, normalized to actin in 

MDA-MB-231 cells incubated in the indicated medium for the indicated periods of 
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time. Representative immunoblots are shown in the right panels. Molecular weight in 

kDa. (b) Synthetic images showing virtual CCPs (depicted as red crosses) 

overlapping with the mask representing the degraded zones of gelatin (black spots 

over a green background). In the left image, the position of CCPs corresponds to 

their observed position in the original microscopy image (see Figure 4D, EBSS). The 

right image corresponds to one of the 5,000 scrambled images generated by 

randomization of CCP positions. (c) TKS5+ invadopodia were scrambled 5,000 times 

and the histogram shows the number of randomized TKS5+ invadopodia associated 

with gelatin degradation spots. The true unscrambled value (n=422) exceeds the 

randomized values, indicating high statistical confidence in non-random association 

of TKS5+ invadopodia with degradation areas (see also Supplemental Table 5). (d) 

MDA-MB-231 cells expressing MT1-MMPpHLuorin were plated on AF594-labeled gelatin 

for 60 min. White arrows, fluorescence signal of MT1-MMPpHLuorin in endolysosomes. 

Green arrowheads point to the accumulation of MT1-MMPpHLuorin in association with 

gelatin degradation areas. Scale bars, 10 µm. (e) Representative western blots of 

CHC, -adaptin or MT1-MMP expression with GAPDH as loading control in MDA-

MB-231 cells treated with indicated siRNAs. Molecular weights are in kDa. 

Quantification of protein expression based on three (-adaptin and CHC) or two 

(MT1-MMP) independent experiments. (f) Lysates of MDA-MB-231 cells expressing 

MT1-MMPpHLuorin were immunoprecipitated with GFP antibodies (GFPTrap IP). Total 

lysate before (input) and after immunoprecipitation (pIP) was loaded as control. 

Bound proteins were analyzed with MT1-MMP and -adaptin antibodies Equal 

loading was controlled using GAPDH antibody (not shown). 
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Supplementary Table Legends 

 

Table S1. Medium composition 
 
Vitamin mix 

Component 
MEM Vitamin Solution 100 

X (g/L) 
L-15 Medium (g/L) 

Choline Chloride 0.1 0.001 

Folic Acid 0.1 0.001 

Myo-Inositol 0.2 0.002 

Niacinamide 0.1 0.001 

D-Panthothenic Acid * ½Ca 0.1 0.001 

Pirydoxal.HCl 0.1 0.001 

Riboflavin 0.01 0.0001 

Thiamine*HCl 0.1 0.001 

 

Amino acid mix composition  

Amino Acid RPMI-1640 50 X (g/L) L-15 Medium (g/L) 

L-Alanine - 0.225 

L-Arginine (free base) 10.0 0.5 

L-Asparagine 2.84 0.25 

L-Aspartic Acid 1.0 - 

L-Cystine 2.5 0.12 

L-Glutamic Acid 1.0 0.3 

Glycine 0.5 0.2 

L-Histidine 0.75 0.25 

Hydroxy-L-Proline 1.0 - 

L-Isoleucine 2.5 0.125 

L-Leucine 2.5 0.125 

L-Lysine 2.0 0.094 

L-Methionine 0.75 0.075 

L-Phenylalanine 0.75 0.125 

L-Proline 1.0 - 

L-Serine 1.5 0.2 

L-Threonine 1.0 0.3 

L-Tryptophan 0.25 0.02 

L-Tyrosine 1.16 0.3 

L-Valine 1.0 0.1 
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Table S2. siRNAs used in this study 
 
 

siRNA Company Targeted sequence (5’-to-3’) 

MT1-MMP 
SMARTpool 

Horizon Discovery 
L-004145-00-0005 

GGAUGGACACGGAGAAUUU 
GGAAACAAGUACUACCGUU 
GGUCUCAAAUGGCAACAUA 
GAUCAAGGCCAAUGUUCGA 

TKS5 
SMARTpool 

Horizon Discovery 
L-006657-00-0005 

ACAAUAACCUCAAAGAUGU 
GGACGUAGCUGUGAAGAGA 
CGACGGAACUCCUCCUUUA 
GGAUAAGUUUCCCAUUGAA 

-adaptin Merck Millipore  AAGAGCAUGUGCACGCUGGCCA 

Clathrin Heavy 
Chain (CHC) 

Elkhatib et al., Science 2017 GCUGGGAAAACUCUUCAGATT 

Non-Targeting 
Horizon Discovery 
D-001810-01 

UGGUUUACAUGUCGUACUAA 

siTSC2 
SMARTpool 

Horizon Discovery 
L-003029-00-0005 

GCAUUAAUCUCUUACCAUA 
CGAACGAGGUGGUGUCCUA 
GGAAUGUGGCCUCAACAAU 
GGAUUACCCUUCCAACGAA 

siTBC1D7 
SMARTpool 

Horizon Discovery 
L-021140-00-0005 

GGAAGAUAGUGUCGACUGU 
UUACAGAGGGUUUGGGAUA 
CCAUUAAAUACCAAGUAC 
CGCCCAAACUUCCUUAUGA 
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Table S3. Commercial antibodies and immunolabeling reagents used in this study.  
 

Antigen Company 
Type 
(species) 

Collagen type I cleavage 
site (Col1–¾C) 
IF 

ImmunoGlobe (0217-050) 
Polyclonal 
(Rabbit) 

Cortactin 
IF 

Merck (clone 4F11, 05-180) 
Monoclonal 
(mouse) 

MT1-MMP (MMP14)  
IF, WB 

Merck (clone LEM-2/15.8, MAB3328) 
Monoclonal 
(mouse) 

TKS5 (SH3PXD2A) 
IF, WB 

Novus Biologicals (NBP1-90454) 
Polyclonal 
(rabbit) 

Paxillin 
IF 

BD Transduction Laboratories (610052) 
Monoclonal 
(mouse) 

GFP 
IF 

Abcam (ab13970) 
Polyclonal 
(chicken) 

mTOR 
IF 

Cell Signaling TECHNOLOGY (2983S) 
Monoclonal 

(rabbit) 

TSC2 
WB 

Cell Signaling TECHNOLOGY (4308S) 
Monoclonal 

(rabbit) 

TBC1D7 
WB 

Cell Signaling TECHNOLOGY (1494S) 
Monoclonal 

(rabbit) 

LC3 
IF 

MBL (clone 4E12 M152-3) 
Monoclonal 
(mouse) 

LC3 
WB 

Cell Signaling TECHNOLOGY (2775S) 
Polyclonal 
(rabbit) 

Alpha adaptin 2 (AP2) 
IF 

Abcam (ab2730) 
Monoclonal 
(mouse) 

Alpha adaptin 2 (AP2) 
WB 

Abcam (ab2807) 
Monoclonal 
(mouse) 

Early Endosome Antigen 1 
(EEA1) 

BD Transduction Laboratories (610457) 
Monoclonal 
(mouse) 

Phospho-4E-BP1 (Ser65) 
IF, WB 

Cell Signaling TECHNOLOGY 
(clone D9G1Q 13443S) 

Polyclonal 
(rabbit) 

Phospho-(p70)S6 Kinase 
(Thr389) 
WB 

Cell Signaling TECHNOLOGY (9205) 
Polyclonal 
(rabbit) 

Phospho-AKT (Ser473) 
WB 

Cell Signaling TECHNOLOGY (4060) 
Polyclonal 
(rabbit) 

(p70)S6 Kinase 
WB 

Cell Signaling TECHNOLOGY 
(clone 49D7 2708) 

Monoclonal 
(rabbit) 

AKT  
WB 

Cell Signaling TECHNOLOGY (9272) 
Polyclonal 
(rabbit) 

β1 integrin 
WB 

Gift from C. Albiges-Rozo 
Polyclonal 
(rabbit) 

Cytokeratin-8 
IF 

DSHB 
Monoclonal 
(rat) 

Actin 
WB 

Sigma-Aldrich (clone AC-15 A1978) 
Monoclonal 
(mouse) 

GAPDH 
WB 

Santa Cruz Biotechnology (25788) 
Polyclonal 
(rabbit) 

https://www.novusbio.com/products/sh3pxd2a-antibody_nbp1-90454
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Alpha tubulin 
WB 

Sigma-Aldrich (T-9026) 
Monoclonal 
(mouse) 

HRP-conjugated anti-rabbit 
IgG 

Sigma (A0545) Goat 

HRP-conjugated anti-
mouse IgG 

Jackson ImmunoResearch (115-035-062) Goat 

Alexa Fluor 488 Phalloidin Molecular Probes (A12379)  

Anti-rabbit Alexa488 Molecular Probes (A21206) Goat 

Anti-rabbit Cy3 Molecular Probes (A21206) Donkey 

Anti-chickenAlexaFluor488 Molecular Probes (A11039) Donkey 

Anti-mouse Cy3 Jackson ImmunoResearch (715-165-151) Donkey 

Anti-rat Alexa488 Molecular Probes (A21208) Donkey 
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Table S4. Chemicals and reagents used in this study 
 

Reagent Company Reference Vehicle Dilution 

RPMI 1640 amino acids 
solution 

Sigma-Aldrich R7131 Medium 1/100 

Bovine serum albumin 
solution 30% 

ThermoFischer 
Scientific 

A7284 Medium 3% 

GM6001 Merck Millipore CC1100 Ethanol 40 µM 

Rapamycin Tocris Biotechne 1292 Ethanol 20 nM 

Recombinant human tissue 
inhibitor of 
metalloproteinase (rhTIMP-2) 

- R&D Systems 
(rhTIMP-2#1) 
- Sigma-Aldrich 
(rhTIMP-2#2) 

971-TM-010 
 
SRP3174 

Medium 
15, 75 or 
2000 
ng/mL 

Transferrin from human 
serum, Alexa FluorTM 546 
Conjugate 

Invitrogen  11530766 Medium  20 µg/ml 
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Table S5. Analyzed variables and statistics used in this study. 

Table S5. Analyzed variables and statistics used in this study. 
 
 

Figure Conditions Mean SEM n N p value Test 

1-b Gelatin 
degradation (fold 
change to CM) 

CM 1 0.2 42 

2 

- 

K-W 

EBSS 30 
min 

4.2 0.4 42 <0.00001 

EBSS 60 
min 

8.5 0.8 53 <0.00001 

EBSS 120 
min 

14.2 1.1 42 <0.00001 

EBSS + 
GM6001 60 
min 

2.9 0.6 42 ns 

1-c Density of TKS5+ 
invadopodia (per µm²) 

CM 0,03 0,003 51 
3 

- 
M-W 

EBSS 0,15 0,011 54 <0.00001 

1-d Average size of 
TKS5+ invadopodia 
(µm²) 

CM 0,23 0,022 51 
3 

- 
M-W 

EBSS 0,11 0,004 54 <0.00001 

1-e Distance of TKS+ 
invadopodia to the 
centroid (µm) 

CM 0,408 0,006 1172 
3 

- 
M-W 

EBSS 0,544 0,003 6850 <0.00001 

1-g Cleaved collagen I 
(% of EBSS) 

CM 35.7 3.5 59 
3 

<0.00001 
M-W 

EBSS 100 6.2 54 - 

1-i Cleaved collagen I 
(% of EBSS/siNT) 

CM siNT 16.1 1.0 57 

3 

<0.00001 

K-W 
EBSS siNT 100 5.9 63 - 

EBSS siMT1 10.6 1.4 62 <0.00001 

EBSS 
siTKS5 

17.0 2.5 59 <0.00001 

3-b Cleaved collagen I 
(% of EBSS) 

CM 16.3 1.1 87 

4 

<0.0001 

K-W 
EBSS 100 4.1 90 - 

EBSS + AA 53.8 3.1 93 <0.0001 

EBSS + AA 
+ Rapa 

97.0 3.9 98 ns 

3-d Cleaved collagen I 
(% of EBSS/-BSA) 

CM 2.6 0.4 91 

3 

<0.00001 

K-W 
EBSS 100 4.8 95 - 

EBSS+BSA 41.5 3.3 95 <0.00001 

3-f Cleaved collagen I CM 100 8.0 90 4 - M-W 
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(% of - Rapa) CM + Rapa 269.4 39.6 92 <0.00001 

EBSS 100 4.0 64 

3 

- 

M-W EBSS + 
Rapa 

111.8 3.4 67 0.0065 

3-i Gelatin 
degradation (% of 
siNT) 

EBSS siNT 100 3.2 68 

3 

- 

K-W 
EBSS 
siTSC2 

48.5 2.3 56 <0.0001 

EBSS 
siTSC2 + 
siTBC1D7 

52.5 3.5 44 <0.0001 

3-k LC3 puncta per 
cell (Fold change to 
CM) 

CM -
CollagenI 

1.0 0.1 78 

3 

- 

K-W 

EBSS 4hrs -
CollagenI 

2.0 0.2 102 <0.00001 

EBSS 4hrs 
+CollagenI 

0.8 0.1 87 ns 

EBSS 4hrs 
+CollagenI 
+GM6001 

1.6 0.1 88 NA 

EBSS 7hrs -
CollagenI 

2.1 0.2 104 <0.00001 

EBSS 7hrs 
+CollagenI 

0.8 0.1 101 ns 

EBSS 7hrs 
+CollagenI 
+GM6001 

1.4 0.1 94 NA 

4-c alpha-adaptin+ 
CCP density 
(CCP/µm²) 

CM 0.52 0.02 41 
4 

- 
M-W 

EBSS 0.8 0.02 60 <0.0001 

4-f % of AP2-positive 
CCPs (CM) 

T0 100 

NA 

4459 

3 NA NA T2 120 2955 

T5 80 1923 

T10 80 1925 

4-F % of AP2-positive 
CCPs (EBSS) 

T0 100 

NA 

5827 

3 NA NA 
T2 100 3614 

T5 100 3776 

T10 120 2121 

4-h Stable CCPs (% of 
total) 

CM 10.2 0.2 607 
2 NA NA 

EBSS 19.9 1.3 365 

4-j Gelatin 
Degradation (% of 
EBSS siNT) 

EBSS siNT 100 5.0 54 

3 

- 

K-W EBSS siα-
adaptin 

17.0 4.1 50 <0.0001 

EBSS-
siCHC 

85.6 5.1 48 n.s. 
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Supplementary 
Figure 

Cell 
Mode of 

randomized values 
Min-Max of 

randomized values 
True 
value 

p-value 

S1-b 
Randomization 
of TKS5 
positions 

1 225 195-264 323/733 0 

2 174 140-214 308/804 0 

3 445 64-120 218/468 0 

4 555 495-630 670/435 0 

5 243 201-288 518/824 0 

6 158 124-200 349/1038 0 

7 94 68-124 335/886 0 

8 46 28-64 160/325 0 

9 112 80-142 421/807 0 

10 68 44-88 210/605 0 

 

Supplementary 
Figure 

Condition Mean SEM n N p value Stat. 

S1-e Cleaved 
collagen I (% of 
EBSS/-
rhTIMP2) Left 

CM 6.9 0.9 46 

3 

<0.00001 

K-W 

EBSS 100 4.4 85 - 

EBSS+15 ng/mL 100.6 5.8 82 ns 

EBSS+75 ng/mL 49.5 3.3 80 <0.00001 

EBSS+2000 ng/mL 9.5 1.2 77 <0.00001 

S1-e Cleaved 
collagen I (% of 
EBSS/-
rhTIMP2) Right 

CM 6.9 0.9 46 

2 

<0.00001 

K-W 

EBSS 100 4.4 85 - 

EBSS+15 ng/mL 90.2 5.0 49 ns 

EBSS+75 ng/mL 46.4 3.0 52 <0.00001 

EBSS+2000 ng/mL 11.6 1.5 41 <0.00001 

S1-g Cleaved 
collagen I (% of 
CM/ siNT) 

CM siNT 100 9.4 57 

3 

- 

K-W CM siMT1 35.8 6.2 43 <0.00001 

CM siTKS5 36.2 4.9 45 <0.00001 

S1-h 
Degradative 
cells (% of 
EBSS/ siNT) 

CM siNT 16.1 1.5 43 

3 

NA 

M-W EBSS siNT 100 5.9 63 - 

EBSS siMT1 10.6 1.4 62 0.0015 

S2-c Cleaved 
collagen I (% of 
EBSS) 

CM 16.3 1.8 67 
3 

<0.00001 
M-W 

EBSS 100 6.1 88 - 

S2-d Cleaved 
collagen I (% of 
EBSS/ siNT) 

EBSS siNT 100 6.0 96 

3 

- 

K-W EBSS siMT1 15.0 3.5 84 <0.00001 

EBSS siTKS5 36.3 5.3 70 <0.00001 

S3-a pS6K 
level 

EBSS T0 1.0 
NA NA 2 NA NA 

EBSS T15 0.56 
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(normalized to 
CM value) 

EBSS T30 0.16 

EBSS T60 0.15 

EBSS + BSA T0 1.0 

EBSS + BSA T15 0.92 

EBSS + BSA T30 0.50 

EBSS + BSA T60 0.30 

S3-b 
pS6K/Actin 
(Fold change to 
CM/ -Drug) 

CM 1 0 

NA 3 NA NA 
Others 0 4.0 

S3-c p4E-
BP1/Actin 
(Fold change to 
CM/ -Drug) 

CM 1 0 

NA 3 NA NA 
CM + Rapa 0.3 0.02 

EBSS 0.2 0.05 

EBSS + Rapa 0.3 0.03 

S3-d 
pAKT/Actin 
(Fold change to 
CM/ -Drug) 

CM 1 0 

NA 3 NA NA 
CM + Rapa 1.3 0.4 

EBSS 0.2 0.06 

EBSS + Rapa 0.1 0.04 

S3-e Gelatin 
Degradation 
(fold change to 
CM) 

CM 100.0 17.4 53 
2 

- M-W 

CM + Rapa 472.0 68.0 54 <0.0001 
 

S4-a MT1-
MMP/Actin 
(Fold change to 
EBSS/0 hr) 

CM 1.0 0 

NA 2 

- 

K-W 

EBSS 1h 1.0 0.1 ns 

EBSS 3hrs 0.8 0.3 ns 

EBSS 6hrs 0.9 0.1 ns 

 

Supplementary 
Figure 

Cell 
Mode of 

randomized values 
Min-Max of 

randomized values 
True 
value 

p-value 

S4-c 
Randomization 
of AP2 
positions 

1 20 05-40 46/350 0 

2 41 16-63 91/641 0 

3 40 20-64 61/514 0 

4 50 27-74 127/442 0.0016 

5 40 20-65 54/394 0 

6 59 34-92 118/703 0.0142 

7 117 83-153 165/682 0 

8 98 63-133 204/880 0 

9 61 36-88 143/879 0 

10 51 30-77 112/575 0 

      

Supplementary 
Figure 

Condition Mean SEM n N p value Stat. 

S4-e CHC 
expression 

siNT 1.0 0 
- 3 NA NA 

siα-adaptin 0.6 0.06 



 29 

(Fold change to 
siNT) 

siCHC 0 0 

S4-eα-adaptin 
expression 
(Fold change to 
siNT) 

siNT 1.0 0 

- 3 NA NA siα-adaptin 0.1 0.1 

siCHC 1.7 0.3 

S4-e MT1-MMP 
expression 
(Fold change to 
siNT) 

siNT 1.0 0 

- 2 NA NA siα-adaptin 0.9 0.07 

siCHC 0.9 0.2 

 

SEM (standard error of the mean); n, sample number; N, number of independent 

experiments; ns, not significative; NA, not available. 

Data were tested for normal distribution using the D’Agostino-Pearson normality test and 

nonparametric tests were applied otherwise. 

Non-parametric tests: K-W, Kruskal-Wallis test; M-W, Mann-Whitney  

Parametric tests: One-Way ANOVA  

Statistical significance was defined as *, P <0.05; **, P <0.01; ***, P <0.001; ****, P <0.00001; 

ns, not significant.  

 

  



 30 

Supplementary Movie Legends 

 

Movie S1: TKS5 localizes to highly dynamic matrix fiber-remodeling elongated 

invadopodia in cells grown in nutrient-replete conditions. Shown is a MDA-MB-

231 cell expressing TKS5GFP (green). The cell is plated on a layer of fibrillar collagen 

(magenta) and is grown in nutrient-replete conditions. Images were acquired every 1 

min for 60 min. The last sequence of the movie are still images of the time projection 

of seven frames separated by a 10-min interval with the different time points 

represented with the indicated pseudocolor coding. In nutrient-proficient medium, 

cells form dynamic elongated TKS5-positive invadopodia in association with the 

underlying collagen fibers that are actively remodeled. 

 

Movie S2: TKS5 localizes to punctate, mostly static, structures in starved cells. 

Shown is a MDA-MB-231 cell grown in nutrient-replete conditions and plated on a 

layer of fibrillar collagen (magenta). The cell expresses TKS5GFP (green). Images 

were acquired every 1 min for 60 min. The last sequence of the movie is a time 

projection of seven frames separated by a 10-min interval with the different time 

points represented with the indicated pseudocolor coding. Starved cells form static 

TKS5-positive puncta with minimal displacement of the underlying matrix fibers. 

 

Movie S3: CCP and TKS5 dynamics in nutrient replete and deplete conditions. 

Shown is the dynamics of plasma membrane TKS5GFP (green) and CCPs labeled 

with -adaptinmCherry (red) in MDA-MB-231 cells plated on cross-linked gelatin in CM 

(upper panel) or EBSS medium (lower panel). Images were acquired every 5 s for 5 

min by TIRF-M. In nutrient-replete conditions (CM), large and static TKS5GFP-positive 
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invadopodia form and TKS5 shows some transient association with CCPs, 

contrasting with long-lasting TKS5 interaction with CCPs observed in starved cells 

(yellow arrows). Scale bar, 2 µm. 
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Results 

 

mTORC1 repression stimulates invadopodia-mediated matrix degradation in breast 

cancer cells  

 

To dissect the molecular mechanisms underlying invadopodia-mediated matrix 

degradation, we systematically knocked-down regulatory elements of the mTORC1 pathway 

in MDA-MB-231 cells and measured their gelatinolytic activity. MDA-MB-231 cells transfected 

with control siRNA and plated for 6 h in complete medium on fluorescently-labeled cross-linked 

gelatin showed punctiform cortactin staining associated with dark gelatin degradation spots 

underneath the cell body, which is characteristic of invadopodia-mediated pericellular matrix 

degradation (Figure 1A). Control cells showed robust association of mTOR-rich puncta with 

CD63-positive late endosome/lysosomal compartment as well as high levels of 

phosphorylation of S6K and 4E-BP1 (Figure 1C and Extended Figure 1A). As reported, the 

silencing of transmembrane matrix metalloprotease, MT1-MMP, or invadopodia scaffold 

protein, TKS5, abolished gelatin degradation with no detectable modification in p-S6K and p-

4E-BP1 levels (Figures 1A, B and Extended Figures 1A, B) (Colombero et al., 2021). Silencing 

of Regulatory-associated protein of mTOR (RAPTOR) lead to a strong reduction in the levels 

of p-S6K and p-4E-BP1 and mTOR association with CD63-positive endolysosomes, as well as 

a concomitant 10-fold increase in gelatin degradation. Conversely, KD of RAPTOR 

Independent Companion Of MTOR Complex 2 (RICTOR) had no effect on p-S6K and p-4E-

BP1 and on matrix degradation compared to control conditions (Figures 1B, C and Extended 

Figures 1A, B). These results suggest that the matrix degradation program is promoted by 

mTORC1 repression, not by mTORC2. 

We systematically knocked-down some essential regulatory elements of the mTORC1 

pathway and assessed their effects on gelatin degradation. We found that silencing of RagA, 

RagC and Rheb GTPases also lead to a marked inhibition of mTORC1 activity based on the 

lack of phosphorylation of p-S6K and p-4E-BP1 proxies, and a significant increase in matrix 

degradation (Figures 1A-C and Extended Figures 1A, B). As expected, Rheb silencing reduced 

p-S6K and p-4E-BP1 levels and gelatin degradation, although it did not affect mTOR 

recruitment to the endolysosomes (Extended Figure 1C, (Kim & Guan, 2019; Sancak et al., 

2008, 2010)). Surprisingly, KD of RagB or RagD in MDA-MB-231 had no effect on mTORC1 

activity, suggesting that the RagA/RagC heterodimer is probably the major Rag complex 

regulating mTORC1 activity in MDA-MB-231 cells. Interestingly, RagB or RagD KD did not 

impact matrix degradation (Figure 1B, C and Extended Figures 1A, B).  We similarly 

investigated the role of regulatory Rag GTPase activating proteins (GAPs) and guanine 
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exchange factors (GEFs).  As expected, silencing of NRPL2 and DEPDC5, two subunits of the 

RagA-GAP GATOR1 complex, had no effect on mTORC1 activity (Bar-Peled et al., 2013; Pal 

et al., 2018) and did not affect gelatin degradation as compared to control cells (Figure 1B and 

Extended Figures 1A, B). Solute carrier family 38 member 9 (SLC38A9) is a lysosomal-resident 

protein mediating the lysosomal efflux of several essential amino acids that are then sensed 

by mTORC1 through Sestrin proteins (Wyant et al., 2017). In addition, SLC38A9 has been 

proposed to act as a GEF for RagA (Shen & Sabatini, 2018).  Along this line, KD of SLC38A9 

repressed mTORC1 activity and it stimulated a robust matrix degradation response (Figure 1B 

and Extended Figures 1 A, B). Cyclin-dependent kinase inhibitor 1B (CDKN1B or p27Kip1, 

referred here to p27) has been shown to repress mTORC1 activity in MEFs by interfering with 

the structural integrity of the RAGULATOR Rag-GEF complex (Nowosad et al., 2020). 

Surprisingly, we observed that p27Kip1 KD in MDA-MB-231 cells repressed the phosphorylation 

of S6K but not of 4E-BP1 (Figure 1B, C and Extended Figures 1A, B). However, p27 KD 

increased gelatin degradation as previously described (Figure 1B, Jeannot et al., 2017). Then, 

we analyzed the consequences of the concomitant silencing of RagC or Raptor and 

invadopodial TKS5. Loss of TKS5 completely abolished the matrix degradation induced by the 

KD of RagC or Raptor alone, confirming that the matrix proteolysis response induced upon 

mTORC1 repression is mediated by the invadopodia (Figure 1D). 

In a next set of experiments, we tested if pharmacological inhibition of mTORC1 could 

also induce matrix degradation. MDA-MB-231 cells were treated overnight with Rapamycin or 

Torin-1 and plated for 6 hrs on gelatin. We observed a strong increase in gelatin degradation 

compared to vehicle-treated cells, similar to the response of mTORC1-depleted cells (Figures 

1E, F). Taken together, these results demonstrate that the repression of mTORC1 activity 

stimulates a robust invadopodia-mediated matrix degradation program in MDA-MB-231 cells. 

Folliculin (FLCN) is a RagC/RagD GAP, which maintains these Rag GTPases in their 

active GDP-bound conformation on the lysosomal membrane. FLCN-mediated activation of 

RagC is known to play a determinant role in recruitment, mTORC1-mediated phosphorylation, 

and subsequent inhibition of Transcription Factor EB (TFEB) at the lysosomal surface (Meng 

& Ferguson, 2018; Napolitano et al., 2020). In FLCN-depleted cells, mTORC1 can no longer 

phosphorylate TFEB, which can translocate in the nucleus as an active transcription factor 

(Napolitano et al., 2020, 2022). Interestingly, we found that FLCN KD had no effect on 

mTORC1 activity but induced a robust ECM degradation response (Figures 1B, C and 

Extended Figure 1A, B). All together, these data suggested a potential role in TFEB nuclear 

translocation and activation in the matrix degradation program induced downstream of 

mTORC1 repression that we sought to address in more detail.   
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TFEB activation is required for ECM degradation upon mTORC1 repression.  

 

We first monitored the localization of TFEBGFP in MDA-MB-231 cells and found that in 

contrast to a mostly cytoplasmic localization in control cells in nutrient-replete conditions, cells 

KD for RagC, Raptor or FLCN displayed a prominent nuclear localization of TFEBGFP coinciding 

with an increase in ECM degradation (Figures 2A, B and Extended Figure 2A). TFEB activation 

is known to control lysosomal biogenesis and upregulation of lysosome-residing proteins, such 

as CD63 (Palmieri et al., 2011). Along this line, we found that CD63-positive vesicles were 

increased in cells KD for RagC, Raptor, or FLCN compared to control cells (Extended Figure 

2B). Altogether, these data suggested that TFEB became activated in these cells and 

promoted the expected transcriptional changes. 

Next, the role of TFEB in the regulation of the matrix degradation program induced 

upon mTORC1 repression was investigated. Strikingly, concomitant KD of TFEB (double KD, 

DKD cells) abolished the induction of gelatinolysis by RagC, Raptor, or FLCN single KD (Figure 

2C and Extended Figure 2A). In contrast, TFEB KD did not affect gelatinolysis, indicating that 

TFEB did not contribute significantly to the basal matrix degradation response in MDA-MB-231 

cells in nutrient-replete conditions. In addition to TFEB, MDA-MB-231 cells express the related 

TFE3 transcription factor (Extended Figure 2D). Matrix degradation induced upon RagC KD 

was not abolished by concomitant TFE3 depletion, suggesting that TFE3 does not contribute 

to ECM degradation in response to mTORC1 repression (Extended Figures 2C, D). 

We then sought to generalize these findings using the MCF10DCIS.com human breast 

cancer cell line, a model of ductal carcinoma in situ (Miller et al., 2000). We found that KD of 

RagC reduced the levels of p-S6K and p-4E-BP1 and induced a strong nuclear localization of 

TFEB in these cells (Extended Figures 3A-C). Additionally, RagC KD in MCF10DCIS.com 

induced a robust degradation of fibrillar type I collagen that was abolished upon concomitant 

depletion of TFEB (Figure 2D). Furthermore, mTORC1 repression using Torin-1, Rapamycin, 

or the Rapamycin analog, Everolimus, induced a strong nuclear localization of TFEBGFP in 

MDA-MB-231 cells (Extended Figures 2E-G), and TFEB KD fully abolished the drug-induced 

gelatin degradation response (Figure 2E). Similar results were found in the MCF10DCIS.com 

(Extended Figures 3D, E). Taken together, these results suggest that mTORC1 repression 

induces a massive matrix degradation response in several breast cancer cell lines, which 

depends on TFEB function. Transient overexpression of TFEB has been shown to mediate 

transcriptional changes as increased lysosomal biogenesis, peripheral lysosome trafficking, 

and exocytosis (Medina et al., 2011). We show that overexpression of TFEBGFP in MDA-MB-

231 cells promotes a strong collagen degradation response as compared to control GFP-

expressing cells (Figure 2F). The ability of TFEB to bind to DNA requires two conserved Ile243 

and Arg248 residues in the b-Helix-Loop-Helix domain (Vu et al., 2021). Ala substitution of 
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Ile243 and Arg248 in TFEB (IR-TFEBGFP) effectively abolished TFEB’s capacity to promote 

collagenolysis as compared to wild-type TFEBGFP (Figure 2F). Finally, we tested the effect of 

Apilimod, a drug known to inhibit PIKfyve and the production of phosphatidylinositol 3,5-

bisphosphate on endolysosomes, and impedes mTORC1 interaction with TFEB, leading to its 

nuclear translocation and constitutive activation while maintaining normal mTORC1 activity 

(Hasegawa et al., 2022). Treatment of MDA-MB-231 cells with Apilimod induced a strong 

nuclear translocation of TFEB (Figure 2G), and a dramatic increase in gelatin degradation, 

which was abolished by TFEB KD (Figure 2H). As previously described, p-S6K and p-4E-BP1 

levels were unaffected in the presence of Apilimod (Extended Figure 2I). Taken together, these 

results point to a stimulation of the ECM degradation program in breast cancer cells upon 

TFEB activation in response to mTORC1 repression. This response requires TFEB DNA 

binding capacity and probably involves TFEB’s transcriptional activity and is independent of 

the phosphorylation status of other key mTORC1 phosphorylation substrates including S6K 

and 4E-BP1. 

 

TFEB activation stimulates MT1-MMP exocytosis at invadopodia.  

 

Surface level of MT1-MMP results from a balance of exocytosis and endocytosis events 

and directly influence pericellular matrix degradation (Castro-Castro et al., 2016; Lodillinsky et 

al., 2021; Poincloux et al., 2009b). TFEB upregulates genes encoding lysosomal proteins and 

promotes lysosomal biogenesis and exocytosis (Medina et al., 2011). We hypothesized that 

upon mTORC1 repression, TFEB activation could lead to increased exocytosis of MT1-MMP 

at the plasma membrane to support enhanced ECM degradation. Plasma membrane MT1-

MMP levels were assessed by surface antibody labeling and confocal microscopy. KD of RagC 

in MDA-MB-231 cells resulted in a 1.5-fold increase in surface MT1-MMP, which was abolished 

in DKD cells (Figure 3A, B and Extended Figure 4A). The influence of RagC KD and TFEB 

activation on MT1-MMP delivery to invadopodia was assessed by live cell microscopy of MDA-

MB-231 cells expressing MT1-MMPpHLuorin plated on fibrillar type I collagen (Monteiro et al., 

2013; Poincloux et al., 2009b). In control cells, the MT1-MMPpHLuorin signal was detected in 

endolysosomal vesicles in the vicinity of underlying collagen fibers and accumulated at fiber-

plasma membrane contact sites. Based on earlier work, we know that MT1-MMPpHLuorin-positive 

vesicles correspond to endolysosomes that fused with and remained tethered to the PM 

(through a thin tubular membrane stem visible in Supplemental Movie 1 and in the gallery in 

Figure 3E), with their lumen opened to the extracellular milieu (Monteiro et al, 2012; Marchesin 

et al., 2015).  MT1-MMPpHLuorin green flashes thus correspond to exocytic events of MT1-MMP 

that then accumulates at invadopodial PM-matrix contact sites. As previously described, a 

majority of MT1-MMPpHLuorin endolysosomes remained at the same position for several minutes 



 126 

and correspond to the above-described tethered vesicles (Figures 3 C-E and Supplemental 

Video 1, (Marchesin et al., 2015; Monteiro et al., 2013)). RagC KD lead to a 3-fold increase in 

the number of MT1-MMP exocytic events and 1.5-fold increase in the number of long-lived 

endosomes (MT1-MMPpHLuorin endolysosomes with a fluorescent signal stable for the duration 

of the acquisition, i.e., 14 min) (Figures 3C-E and Supplemental Video 2). Taken together, 

these results suggest that mTORC1 repression promotes the exocytosis of endolysosomal-

resident MT1-MMP at invadopodia to support an increase in ECM degradation. Of note, 

immunoblotting analysis revealed that RagC KD resulted in a 1.5-fold increase in total levels 

of MT1-MMP in MDA-MB-231 cells, which was abolished in DKD cells (Extended Figure 4A, 

B). Collectively, these data suggest that MT1-MMP, and possibly other key invadopodia 

components, may be under transcriptional control by TFEB and part of the CLEAR gene 

network in breast cancer cells.  

 

TFEB activation in response to mTORC1 repression stimulates invadopodia dynamics.  

 

 Invadopodia are dynamic structures used by cancer cells to remodel the ECM. In 

particular, invadopodia have been shown to act through a dual activity by controlling proteolytic 

cleavage and softening of the matrix fibers and generation of actin-based forces that push the 

fibers aside. We sought to investigate if increased matrix degradation upon mTORC1 

repression also involved changes in invadopodia dynamics. First, we found that invadopodia 

formation increased by 70% in RagC KD cells compared to control cells, and not in DKD cells 

(Figure 3F). In addition, using a Particle Image Velocimetry (PIV)-based analysis to monitor 

the movement and direction of TKS5GFP-labeled invadopodia structures, we observed that the 

expansion speed of the invadopodia was significantly increased by 23% upon RagC silencing 

compared to control cells (Figures 3G, H and Supplemental Videos 3, 4). Interestingly, this 

increase was abolished in DKD cells (Figure 3H). Increased dynamics of invadopodia upon 

RagC silencing conferred to the cells the ability to push the collagen fibers aside faster than 

control cells (Extended Figure 4). 

Concomitant MT1-MMP KD or treatment with matrix metalloprotease inhibitor GM6001 also 

abolished the enhanced dynamics in RagC KD cells which suggest that increased invadopodia 

velocity is mediated by the TFEB-mediated surge in MT1-MMP exocytosis rates (Figure 3G 

and Extended Figure 4C).  

 

mTORC1 repression stimulates breast tumor cell invasion through 3D type I collagen.  

 

 We investigated the consequence of TFEB activation on the capacity of breast cancer 

cells to invade through a 3D type I collagen matrix using a MDA-MB-231 multicellular spheroid-
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based assays. Compared to control spheroids, silencing of RagC lead to a 40% increase in 

invasion of the spheroids through the collagen which was accompanied by a 2.5-fold increase 

in collagen degradation (Figure 4A-C). Similarly, KD of RagC in MCF10DCIS.com cells 

induced a 30% increase in invasion (Figure 4D-E). Taken together, these results suggest the 

existence of a proteolytic-based matrix invasion program that is induced upon mTORC1 

repression.  

 

mTORC1 repression induces a collagenolytic invasion program in TNBC patient-derived 

xenografts.  

 

Long-term-established breast cancer cell lines may fail to recapitulate the behavior of 

primary cells (Ben-David et al., 2019). For the generalization of our findings to models closer 

to the disease, we used patient-derived xenografts (PDX) from primary TNBC tumors which 

are clinically relevant for the analysis of tumor response to drugs (Coussy et al., 2019). Cancer 

cells were isolated and dissociated from TNBC PDXs and cultured in vitro in a 3D type I 

collagen matrix in the presence of mTOR inhibitors including rapamycin, Torin-1, and 

Everolimus, which is used in clinics to treat breast cancer patients (Du et al., 2018; Miricescu 

et al., 2020). We measured the effects of mTORC1 repression on collagenolysis by PDX cells 

by staining with the Col¾-C1 antibody (Annex 3 and (Colombero et al., 2021; Ferrari et al., 

2019; Monteiro et al., 2013)). Remarkably, all drugs induced a significant increase in ECM 

degradation in all three tested PDXs, with some variability in the intensity of the drug response 

depending on the PDX (Figures 5A, B and Extended Figures 5A-C). Levels of MT1-MMP 

expressed in those PDX was assessed by immunoblotting and compared to those of MDA-

MB-231 cells and MCF10DCIS.com cells (Extended Figure 5D). All tested TNBC PDX 

expressed MT1-MMP at varying levels. In contrast, the only HER2+ PDX we tested did not 

express MT1-MMP and did not degrade collagen in control or in mTOR-repressed conditions 

(data not shown). Interestingly, we observed an increased expression of MT1-MMP in 2 out of 

3 PDXs upon Everolimus treatment compared to control, confirming results found in MDA-MB-

231 silenced for RagC (Extended Figure 5D). We also generated PDX organoids (PDXO) that 

mimicked solid tumors and were used to visualize the impact of mTORC1 repression on the 

potential to remodel and invade through the collagen gel. PDXOs were embedded in the 3D 

collagen gel for three days (d3), and drug or vehicle treatment was applied for four days (d7). 

At d3, PDXOs were relatively small and homogeneous in size and there was little pericellular 

collagen cleavage and minimal cell invasion through the matrix. After 7d in vehicle-treated 

conditions, the size of PDXOs increased as compared to d3 as cells proliferated. Some cells 

escaped the PDXO and invaded the collagen gel but overall, PDXO remained intact (Figure 

5C). In contrast, Everolimus treatment stimulated a strong pericellular degradation of collagen 
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at the edge of the PDXO, which was abolished by concomitant treatment with GM6001 (Figure 

5C). Furthermore, we observed a higher propensity of Everolimus-treated cells to escape the 

PDXO as compared to control PDXs (Figure 5C). As expected, the PDXOs were also smaller 

as compared to controls as mTORC1 repression is known to inhibit cell proliferation (Hatem et 

al., 2016). Altogether, these observations support the conclusion that mTORC1 repression by 

clinically used inhibitors in TNBC PDXs stimulates MT1-MMP-mediated collagenolysis and 

invasion.  
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Methods  

Cell culture, transfection, and siRNA treatment. Human MDA-MB-231 breast 

adenocarcinoma cells obtained from ATCC (ATCC HTB-26) were grown in L-15 medium 

(Sigma-Aldrich) supplemented with 15% fetal calf serum (FCS) and 2 mM glutamine 

(ThermoFisher) at 37°C in 1% CO2. The MCF10DCIS.com cell line was purchased from 

Asterland and grown in DMEM-F12 supplemented with 15% horse serum (ThermoFisher) at 

37°C in 5% CO2. MDA-MB-231 cells stably expressing TKS5GFP or MT1-MMPpHLuorin were 

generated by lentiviral transduction (Ferrari et al., 2019; Monteiro et al., 2013). All cell lines 

were routinely tested for mycoplasma contamination. For transient expression, MDA-MB-231 

cells were transfected with plasmid constructs using Lipofectamine 3000 (ThermoFisher) for 

24 h according to the manufacturer's instructions (see Table S1). Briefly, 50,000 cells were 

plated in a 24-well plate and incubated with a mixture of Lipofectamine 3000, p3000 reagent, 

and 0.75 µg of DNA. Fresh growth medium was added after 4 h. For RNA interference, MDA-

MB-231 cells were treated with indicated SMARTpool siRNA (Dharmacon) using Lullaby 

reagent (OZ Biosciences) and analyzed 72 h later (see Table S1). Briefly, 40,000 cells were 

seeded in a 24-well plate in complete medium and immediately incubated with a mixture of 

OPTI-MEM, Lullaby, and siRNA for a final siRNA concentration of 50 nM. Cells were analyzed 

72 h later or when required, collected 48 h later for plasmid transfection using Lipofectamine 

3000 as described above.  

Antibodies and drugs. The source and working concentrations of commercial antibodies and 

drugs used for this study are listed in Table S2 and Table S3 respectively.  

Fluorescent gelatin degradation assay. MDA-MB-231 cells treated with siRNA or drugs 

were plated on Oregon Green 488 (OG488)-conjugated cross-linked gelatin (ThermoFisher) as 

previously described (Remy et al., 2022) (Colombero et al., 2021). For cortactin staining, cells 

were pre-extracted with 0.1% Triton X-100 in 4% PFA in PBS for 90 sec at 37°C and fixed in 

4% PFA in PBS for 30 min at 37°C. For mTOR and CD63 staining, cells were fixed after 3 h 

on gelatin in 4% PFA in PBS for 30 min and permeabilized with 0.1% Triton X-100 in PBS or 

15 min. After extensive washes and 1h blocking in 10% FCS in PBS, samples were stained 

with appropriate antibodies or with fluorescently-labeled Phalloidin to stain F-actin. Images 

were acquired with a wide-field microscope (Eclipse 90i Upright; Nikon) using a 100x Plan Apo 

VC 1.4 oil objective and a cooled interlined charge-coupled device (CCD) camera (CoolSnap 

HQ2; Roper Scientific). A z-dimension series of images was taken every 0.2 µm by means of 

a piezoelectric motor (Physik Instrumente). The system was steered by Metamorph software. 

To quantify degradation, the area of the degraded matrix (black pixels) measured with the 

threshold command of ImageJ was divided by the total number of nuclei in the field, and values 
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of this degradation index (DI) were normalized to the mean DI of control cells. The Convert.AI 

(NIS Elements Software) was trained to automatically, and without bias, segmentate gelatin 

degradation. Z-stacks were processed with the Extended Depth of Field (EDF) plug-in to obtain 

a unidimensional image of the gelatin degradation. For the training phase, Convert.AI was fed 

with 50 annotated EDF pictures and provided 16-bit pictures of the gelatin degradation. On 

these pictures, the area of degradation area was obtained automatically with a home-made 

macro using the AutoThreshold (MaxEntropy dark) and Analyze particle functions of Fiji. When 

required, linescans were performed using Fiji software. mTOR association with 

endolysosomes was quantified using a homemade Fiji macro as previously described (Priya 

and al., 2022). Briefly, z-planed were projected (maximal intensity) on a selected subset of 

stacks was performed and cells were manually drawn. Independent masks of the CD63-

positive vesicles and mTOR-positive structures were created using the AutoThreshold and 

Analyze Particles commands of Fiji excluding regions <50px to avoid background signals. The 

CD63 mask was enlarged by 7px and the total area of mTOR-vesicles encompassed within 

this enlarged mask was divided by the cell area. Values were normalized to the mean ratio of 

control cells.  

Polymerization of type I collagen gel. A type I collagen polymerization mix was prepared as 

previously described (Remy and al., 2022) by adding 25 µM HEPES (final concentration) to a 

2.2 mg/mL acidic-extracted type I collagen solution (Corning) and adjusting pH to 7.5 with 0.34 

N NaOH. For microscopic visualization of the collagen network, 5% of a ~2 mg/mL solution of 

AlexaFluor 647-conjugated type I collagen was added to unlabeled collagen in the 

polymerization mix. When required, drugs were added to the appropriate final concentration in 

the polymerization mix (see Table S3). Polymerization was started by incubation at 37°C in a 

humidified chamber (CO2 cell incubator). 

Quantification of pericellular collagenolysis. To measure pericellular collagenolysis on a 

thin layer of type I collagen gel, an 18-mm diameter glass coverslip was layered with 200 µl of 

the ice-cold 2.2 mg/mL Alexa Fluor 647-labeled type I collagen polymerization mix as 

previously described (Remy and al., 2022). Excess collagen solution was removed by pipette 

aspiration to leave a thin smear of collagen solution on the glass coverslip. After 2”20 min of 

polymerization at 37°C, the collagen gel was gently washed in PBS to stop the reaction. 70,000 

siRNA- or drug-treated MCF10DCIS.com cells were plated and incubated for 4 h at 37°C in 

CM supplemented with drugs if required. Cells were pre-extracted with 0.1% Triton X-100 in 

4% PFA in PBS for 90 sec at 37°C and fixed in 4% PFA in PBS for 20 min at 37°C. Coverslips 

were treated with 10% FCS in PBS for 30 min at room temperature then incubated with Col1-

¾C and anti-cortactin antibodies diluted in 1% FCS in PBS for 2 hrs at 4°C. After three washes 

with PBS at 4°C, samples were counterstained with Cy3-conjugated anti-rabbit IgG and A488-
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conjugated anti-mouse IgG antibodies for 60 min at 4°C, extensively washed in PBS, and 

mounted in Prolong-DAPI mounting medium (Invitrogen). Images were acquired with a wide-

field microscope as described above. Quantification of Col1-¾C signal (cleaved collagen) was 

performed with a homemade ImageJ macro (Remy and al., 2022). For visualization purposes, 

images were deconvoluted using the Nikon NIS-Elements software (3D-deconvolution module; 

Lucy-Richardson algorithm). 

Multicellular tumor spheroid invasion assays. MDA-MB-231 and MCF10DCIS cells were 

transfected with 50 nM of siRNA by nucleofection (Kit V, Lonza) and plated in 6-well plates. 

The day after, cells were collected and transfected again with 50 nM of siRNA by Lullaby 

reagent as described above. Multicellular spheroids were prepared immediately after with the 

hanging droplet method (Kelm et al., 2003). After 3 days, spheroids were embedded in a 40 

µL drop of 2.2 mg/mL fluorescently-labeled type I collagen and left to polymerize for 90 min at 

37°C. Spheroids were fixed immediately in 4% PFA in PBS (T0) or left to grow in a complete 

medium for two days before fixation (T2). Samples were either stained with DAPI and 

Phalloidin-Alexa488 or permeabilized and stained with Col1-¾C antibody as described above, 

and then counterstained with Phalloidin-Alexa488. Image acquisition was performed with a 

spinning-disk microscope (Inverted Eclipse Ti-2, Nikon) equipped with a W1 Yokogawa 

Spinning head using a 4X objective and an ORCA-Flash4.0 V2 sCMOS camera (Hamamatsu) 

for a wide field of view and a large dynamical range. A z-dimension series of images were 

taken every 4 µm by means of a Nano z500-N piezoelectric motor (Mad City Labs). The system 

was steered by NIS Elements software.   

For quantification of the invasion, stacks were projected along the z-axis and the background 

intensity of phalloidin was measured as a reference value. The mean spheroid diameter was 

measured using a homemade ImageJ macro. Briefly, the intensity profile along a line centered 

on the spheroid was measured. The intersections between this profile and the background 

value were computed on each side of the line. The diameter was defined as the distance 

between these two intersections. To account for the imperfect symmetry of the spheroid, the 

line was rotated from 0 to 180° with a 5° step and the diameters computed as described above 

were averaged. The diameter of each T2 spheroid was normalized to the mean T0 diameters. 

To record the Col1-¾C signal (cleaved collagen) on the entire spheroid, an Apo LWD 20X 

water objective was used to acquire a 3x3 mosaic with a 10% overlap stitch between images. 

For each frame, a z-dimension series of images were taken every 2 µm using. To quantify the 

Col1-¾C signal, the frames were isolated and projected along the z-axis using maximal 

intensity projection in Fiji. Col1-¾C signal was determined using the thresholding command 
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excluding regions <50-px to avoid non-specific signal. Col1-¾C signal area was ratioed to the 

number of nuclei in the field and values were normalized to the mean DI of the control cells.  

Western blot analysis. Cells treated under the indicated conditions were washed once with 

PBS and then collected in 4x Laemmli Sample Reducing buffer and heated for 10 min at 95°C 

or collected in a homemade lysis buffer (Colombero et al., 2021). Samples were analyzed by 

SDS-polyacrylamide gel electrophoresis (PAGE) on 4-12% Tris-glycine gels (ThermoFisher 

Scientific). Proteins were transferred on a nitrocellulose membrane using the iBlot2 Dry 

Blotting System (Invitrogen). After incubating the membranes in 5% BSA or 5% skimmed milk 

in TBS (Interchim #UPU75132)-Tween 1%, proteins were detected by immunoblotting analysis 

with the indicated antibodies (see Table S2). Antibodies were detected using the Enhanced 

Chemiluminescence reagent (ECL, Amersham RPN2232) on the ChemiDoc MP Imaging 

System (Bio-Rad). 

MT1-MMP surface staining. Cells treated with indicated siRNA for 72 h were surface labeled 

with mouse monoclonal anti-MT1-MMP primary antibodies (clone 2D7) diluted in complete 

medium for 30 min at 4°C. After extensive washes with complete medium and once with PBS, 

cells were fixed in 4% PFA in PBS. To ensure surface labeling, all solutions were ice-cold and 

the cells were kept on ice during all incubation steps. Samples were counterstained with Alexa 

Fluor 488-conjugated anti-mouse IgG secondary antibodies and Cy5-conjugated Phalloidin to 

visualize cell shape. Image acquisition was performed with a confocal spinning-disk 

microscope (Inverted Eclipse Ti-2, Nikon) equipped with a W1 Yokogawa Spinning head using 

a 60X water objective and an ORCA-Flash4.0 V2 sCMOS camera (Hamamatsu) for a wide 

field of view and a large dynamical range. A z-dimension series of images were taken every 

0.2 µm by means of a Nano z500-N piezoelectric motor (Mad City Labs). The system was 

steered by NIS Elements software. Cells were delimited using the Phalloidin signal and the 

mean intensity of MT1-MMP at the plasma membrane was measured and normalized to the 

mean intensity of MT1-MMP in control cells.  

MT1-MMPpHLuorin exocytosis. MDA-MB-231 MT1-MMPpHLuorin cells treated with siRNA 

were plated on glass bottom dishes (MatTek Corporation) layered with a thin layer of 

fluorescently-labeled polymerized type I collagen (Remy et al., 2022). Cells were imaged by 

confocal spinning disk microscopy (one images every 20 sec). The number and lifetime of 

MT1-MMPpHLuorin exocytic events (i.e., GFP flashes) were measured per minute and per cell. 

Particle Image Velocimetry of TKS5GFP-positive invadopodia. MDA-MB-231 TKS5GFP cells 

treated with siRNA were plated on glass bottom dishes (MatTek Corporation) layered with a 

thin layer of fluorescently-labeled polymerized type I collagen and imaged by confocal spinning 

disk microscopy (one image/min). To analyze the displacement of TKS5-positive invadopodia, 
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we used an open-source PIV (particle image velocimetry) MATLAB code, named PIVLab 

(Thielicke & Sonntag, 2021). To reduce background noise effects, we measure the velocimetry 

on one region of interest per cell, of identical size for all cells. Quantification of TKS5GFP-positive 

invadopodia and color-coded time projections were described elsewhere (Colombero et al., 

2021). 

Nuclear translocation of TFEB. MDA-MB-231 transiently expressing TFEB-GFP or wild-type 

MCF10DCIS.com cells were treated with siRNA for 72 h of with mTOR drugs for 16 h as 

described above. Cells were then fixed with 4% PFA in PBS for 20 min. After permeabilization 

with 0.1% Triton X-100 in PBS for 10 min and blocking with 10% FCS in PBS for 1 h, MDA-

MB-231 samples were stained with anti-mTOR, anti-CD63, and anti-GFP primary antibodies 

and counterstained with AF488-conjugated anti-chicken, Cy3-conjugated anti-rabbit, and 

AF647-conjugated anti-mouse secondary antibodies. MCF10DCIS.com samples were stained 

with anti-TFEB and anti-CD63 primary antibodies and counterstained with Cy3-conjugated 

anti-rabbit, and AF647-conjugated anti-mouse secondary antibodies as well as Phalloidin-

AF488.  Samples were mounted in Prolong DAPI for nucleus visualization. A z-dimension 

series of images were taken on confocal spinning-disk microscopy as described above. 

Quantification of the nuclear translocation of TFEB in cells positive for TFEB-GFP was done 

using a homemade ImageJ macro. Briefly, cells were manually delimited based on the GFP 

channel (cytoplasm mask) and a nucleus mask was created using the AutoThreshold and 

Analyze Particles functions of Fiji. The mean intensity of GFP in the nucleus mask was divided 

by the mean intensity of GFP in the cytoplasm mask and plotted as such. CD63-positive 

vesicles were detected using the AutoThreshold and Analyze Particles commands of Fiji 

excluding regions <50px to avoid background signals and the total area was divided by the cell 

area. Values were normalized to the area ratio of control cells.  

Ex-vivo culture of TNBC patient-derived xenografts. Breast cancer patient-derived 

xenografts were obtained from triple-negative breast tumors and generated as described 

(Coussy et al., 2019). After surgical excision of the tumor xenograft, tumor cells were 

dissociated in DMEM/F12 medium supplemented with 1 mg/mL collagenase (Roche) and 

hyaluronidase (Merck, 1000 U/mL) in 10 mM HEPES, 7.5% BSA Fraction V (ThermoFisher 

Scientific), 5 µg/mL insulin (Merck) and 50 µg/mL gentamycin (ThermoFisher Scientific) for 1h 

at 37°C on a rotating wheel at 180 rpm as previously described (Bruna et al., 2016). Samples 

were washed with DMEM/F12 medium and digested with 0.25% of trypsin (ThermoFisher 

Scientific) for 2 min at 37°C. Trypsin was neutralized in HBSS medium (ThermoFisher 

Scientific) supplemented in 10 mM HEPES and 2% FCS. Then, samples were treated with 

5mg/mL dispase in HBSS (Roche) and 1 mg/mL DNAse I in DMEM (Merck) for 2 min at room 

temperature and then incubated in neutralization buffer supplemented with NH4Cl (0.8%, 
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StemCell Technologies) to remove red blood cells. After filtration through a 40 µm Cell Strainer 

(Corning), tumor cells were plated in a 25-cm2 cell-culture flask for 16h at 37°C in DMEM/F12 

medium supplemented with 10% FCS. For the pericellular collagenolysis assay, non-attached 

PDX tumor cells in the culture supernatant were resuspended in a 2.2 mg/mL collagen I 

solution as described above and incubated for 16 hrs in CM supplemented with indicated 

drugs. After fixation with PFA 4% for 30 min at 37°C and permeabilization with Triton 0.1% in 

PBS for 15 min, samples were blocked with 1% BSA/PBS (60 min, RT), stained with Col1-¾C 

antibodies (2 hrs at 4°C) and counterstained with fluorescently labeled secondary antibodies 

and Phalloidin (60 min at 4°C). After extensive washes, samples were incubated for 5 min with 

1mg/mL DAPI (Sigma) before mounting the coverslips in Prolong-DAPI mounting medium 

(ThermoFisher Scientific). Image acquisition was performed with a spinning-disk microscope 

(Inverted Eclipse Ti-2, Nikon) equipped with a W1 Yokogawa Spinning head using a 60X water 

objective and an ORCA-Flash4.0 V2 sCMOS camera (Hamamatsu) for a wide field of view and 

a large dynamical range. A z-dimension series of images were taken every 0.5 µm by means 

of a Nano z500-N piezoelectric motor (Mad City Labs). The system was steered by NIS 

Elements software.  

 

For PDX organoids (PDXOs), the protocol was similar to the one for single-cell suspension, 

except that samples were treated with collagenase/hyaluronidase for 30 min at 37°C instead 

of 60 min. Furthermore, dispase treatment was omitted to keep cell junctions intact. At the 

filtration step on the Cell Strainer, we recovered the large objects (i.e., the organoids) that were 

not filtered by washing the Cell Strainer with 5 mL of DMEM/F12 over a Falcon tube. Finally, 

to eliminate the single cells from the organoid suspension, samples were centrifuged briefly (1 

500 rpm, 2-5 sec) and the supernatants containing single cells were discarded. This last step 

was repeated 3 times. To count the organoids, 5 50 µL drops of the organoid suspension were 

plated on a Petri dish to count them by microscopic observations. Organoids were embedded 

in 40 µL drops of type I collagen drops as described above for 3 days (d3) in complete medium. 

After 3 days, ¼ of the samples were fixed and the rest was incubated with the indicated drugs 

for 4 more days (d7). Media was changed at d4 and d6. Samples were fixed at d7 with 4% 

PFA/PBS (30 min, 37°C), permeabilized with 0.5% Triton X-100/PBS (15 min, RT), and 

blocked with 1% BSA/PBS (60 min, RT). Samples were stained with Col1-¾C antibodies (16 

hrs, 4°C) and then counterstained with secondary antibodies and Phalloidin (60 min, RT). After 

extensive washes, samples were incubated for 5 min with 1mg/mL DAPI (Sigma) before 

mounting the coverslips in Prolong-DAPI mounting medium (ThermoFisher Scientific). Image 

acquisition was performed with a spinning-disk microscope (Inverted Eclipse Ti-2, Nikon) 

equipped with a W1 Yokogawa Spinning head using a 40X water objective and an ORCA-

Flash4.0 V2 sCMOS camera (Hamamatsu) for a wide field of view and a large dynamical 
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range. A z-dimension series of images were taken every 0.5 µm by means of a Nano z500-N 

piezoelectric motor (Mad City Labs). The system was steered by NIS Elements software.  

 

Statistics and reproducibility. All data are presented as mean ± S.E.M. from at least three 

independent experiments except indicated otherwise. GraphPad Prism software was used for 

statistical analysis. Data were tested for normal distribution using the D’Agostino-Pearson 

normality test and nonparametric tests were applied otherwise. One-way ANOVA, Kruskal-

Wallis or Mann-Whitney tests were applied as indicated in the figure legends and are 

summarized in Supplemental Table 4. Statistical significance was defined as *, P<0.05; **, 

P<0.01; ***, P<0.001; ****, P<0.00001; ns, not significant. 
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Figure 1. mTORC1 repression in breast cancer cells promotes invadopodia-mediated 

extracellular matrix degradation. (A) MDA-MB-231 cells were treated with indicated siRNA 

and plated on fluorescently-labeled gelatin for 6 h. Higher magnification of the boxed region is 

shown in the insets. Dotted lines, cell contour. Graphs show intensity profiles (linescans) of 

gelatin and cortactin signals. (B) Quantification of gelatin degradation (pink bars) and p-S6K in 

cells treated with indicated siRNAs. (C) MDA-MB-231 KD for indicated siRNAs and showing 

the association of mTOR and CD63. Higher magnification of the boxed regions is shown in the 

insets. The graph shows the association of mTOR with CD63-positive vesicles per cell. (D) 

Gelatin degradation by MDA-MB-231 cells treated with indicated siRNAs. (E) Immunoblots and 

quantification of p-S6K and p-4E-BP1 in wild-type MDA-MB-231 cells treated with indicated 

drugs. (F) Gelatin degradation by cells as in (E).  
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Figure 2. TFEB activity is required for matrix degradation upon mTORC1 repression. (A) 

Confocal pictures showing the localization of TFEB-GFP (LUT Fire) in MDA-MB-231 cells 

treated with indicated siRNAs. Graphs show intensity profiles (linescans) of TFEB-GFP and 

DAPI. (B) Quantification of the mean intensity ratio of TFEB-GFP between the nucleus and the 

cytoplasm in MDA-MB-231 cells treated with indicated siRNA. (C) Gelatin degradation by 

MDA-MB-231 cells treated with indicated siRNAs. (D) Collagen degradation by 

MCF10DCIS.com cells treated with indicated siRNAs. (E) Gelatin degradation by MDA-MB-

231 cells silenced for TFEB (or control siRNA) and treated with indicated drugs. (F) 

Deconvoluted images showing MDA-MB-231 cells transiently expressing GFP or wild-type 

TFEB-GFP, cultured on a fibrillar type I collagen network (blue) for 4 h and stained for cleaved 

collagen fibers (orange). Insets show higher magnification of Col1 ¾C1 in boxed regions as 

Gray inverted LUT. Dotted lines, cell contour. Graph show collagen cleavage by MDA-MB-231 

cells transiently expressing indicated constructs. (G) Quantification of the mean intensity ratio 

of TFEB-GFP between the nucleus and the cytoplasm in MDA-MB-231 cells treated with 

Apilimod or vehicle (DMSO). (H) Gelatin degradation by MDA-MB-231 cells silenced for TFEB 

(or control siRNA) and treated with Apilimod or DMSO. 
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Figure 3. Active TFEB promotes MT1-MMP exocytosis and invadopodia dynamics. 

Confocal images showing the surface staining of endogenous MT1-MMP (LUT Fire) in MDA-

MB-231 cells treated with indicated siRNAs. (B) Quantification of the mean intensity of surface 

MT1-MMP per cell in MDA-MB-231 cells treated with indicated siRNAs. (C, D) Quantification 

of (C) the number of MT1-MMPpHLuorin exocytic events per minute per cell and (D) the 

percentage of exocytic events stable for 14 min or more in MDA-MB-231 cells stably 

expressing MT1-MMPpHLuorin and treated with control siRNA or siRagC. (E) Stills from 

representative time-lapse sequences of MDA-MB-231 MT1-MMPpHLuorin treated with control 

siRNA or siRagC cultured on fluorescently-labeled type I collagen (red). The right panel shows 

a gallery of non-consecutive frames (1 image per min) from the time-lapse sequence (Movies 

S1 and S2) and shows the dynamics of the exocytosis of MT1-MMPpHLuorin vesicles (inverted 

Gray LUT) on the collagen fibers (red). (F) Quantification of TKS5GFP-positive invadopodia in 

MDA-MB-231 cells stably expressing TKS5GFP treated with indicated siRNAs. (G) Color-coded 

time projections of seven images at 10-min intervals showing the dynamics of TKS5GFP-positive 

invadopodia. (H) Mean velocimetry of TKS5GFP-positive invadopodia in MDA-MB-231 cells 

stably expressing TKS5GFP treated with indicated siRNA measured with PIVLab.  
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Figure 4. mTORC1 repression promotes cell invasion. (A) MDA-MB-231 cells were treated 

with control or RagC siRNA and embedded as multicellular spheroids in 3D type I collagen. 

Spheroids were fixed and stained with Phalloidin and are shown in Gray inverted LUT. Insets 

show spheroids fixed after 45 min in type I collagen as controls. Immunoblots show depletion 

of RagC. (B, C) Quantification of (B) invasion and (C) collagen cleavage (see Methods). (D, E) 

MCF10DCIS.com were treated and embedded as spheroids as in (A) and 3D invasion was 

quantified.  
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Figure 5. mTORC1 inhibition unleashes a collagenolysis-dependent invasion program 

in TNBC PDX. (A) TNBC PDX cells were embedded in fibrillar type I 3D collagen and cultured 

with indicated mTORC1 inhibitory drugs or appropriate vehicles for 16 h and stained for F-actin 

(Phalloidin, cyan) and pericellular collagen cleavage (Col1-¾C, orange). Pictures are 

representative examples of PDX HBCx-90. (B) Quantification of collagen degradation (pink) 

and p-S6K in PDXs HBCx-60, HBCx-90 and HBCx-8 treated with indicated drugs or 

appropriate vehicles. Quantification is based on 3 independent experiments per condition and 

per PDX. (C) HBCx-8 PDXs were cultured as organoids (PDXOs) and embedded in 3D type I 

fibrillar collagen for 3 days in complete medium (d3, inset) before adding indicated drugs for 4 

more days (d7). Samples were stained for F-actin (Phalloidin, gray inverted LUT) and collagen 

cleavage (Col1-¾C, red). PDXOs treated with Everolimus degrade and invade more compared 

to control PDXOs and PDXOs treated with a combination of Everolimus and GM6001.  
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Extended Figure 1. Regulation of mTORC1 signaling. (A, B) Immunoblots showing levels 

of p-S6K and p-4E-BP1 (quantified in (B)) as well as the depletion of the siRNA targets. 

Inactivation of the Ragulator complex was mediated by silencing subunits Lamtor1 and 

Lamtor4. Inactivation of the GATOR1 complex was mediated by silencing both DEPDC5 and 

NRPL2 subunits. (C) Immunoblots showing levels of p-S6K and p-4E-BP1 and the depletion 

of Raptor, RagC and TKS5 in MDA-MB-231 cells treated with indicated siRNAs.  
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Extended Figure 2. mTORC1 repression promotes TFEB activity. (A) Immunoblots 

showing the depletion of siRNA targets. (B) Quantification of CD63-positive vesicles in MDA-

MB-231 cells treated with indicated siRNAs. (C) Gelatin degradation by MDA-MB-231 cells 

treated with indicated siRNAs. (D) Immunoblots showing the depletion of RagC and TFE3 in 

cells treated as in (C). (E) Immunoblots showing the levels of p-S6K and p-4E-BP1 (quantified 

in the graphs) in MDA-MB-231 cells treated with control or TFEB siRNA and cultured with 

indicated drugs or appropriate vehicles. (F, G) Confocal pictures and quantification showing 

the nuclear translocation of TFEB-GFP in MDA-MB-231 treated with Rapamycin or Torin-1. 

TFEB-GFP is shown as LUT Fire. (H) Luciferase assay, TBD (I) Immunoblot showing the levels 

of p-S6K and p-4E-BP1 (quantified in the graph) in MDA-MB-231 cells treated with control or 

TFEB siRNA and cultured with Apilimod or DMSO. 
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Extended Figure 3. mTORC1 repression and TFEB activation promote ECM degradation 

in MCF10DCIS.com cells. (A) Immunoblots showing the depletion of RagC and TFEB and 

the levels of p-S6K and p-4E-BP1 (quantified in the graphs) in MCF10DCIS.com treated with 

indicated siRNAs. (B, C) Confocal pictures and quantification showing the nuclear 

translocation of TFEB-GFP in MCF10DCIS.com cells treated with control or RagC siRNA. 

TFEB-GFP is shown as LUT Fire. (D) Immunoblots showing the levels of p-S6K and p-4E-BP1 

(quantified in the graphs) in MCF10DCIS.com cells treated with control or TFEB siRNA and 

cultured with indicated drugs or appropriate vehicles. (E) Quantification of collagen 

degradation by MCF10DCIS.com cells treated with control or TFEB siRNA and cultured with 

indicated drugs or appropriate vehicles. 
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Extended Figure 4. TFEB activation promotes invadopodia dynamics. (A, B) 

Representative immunoblots showing the levels of p-S6K and p-4E-BP1 (quantified in the 

graph) and of siRNA targets in MDA-MB-231 cells treated with indicated siRNAs. MT1-MMP 

expression normalized to GAPDH is quantified in (B). (C). Color-coded time projections of 

seven images at 10-min intervals showing the rearrangement of fluorescently labeled fibrillar 

type I collagen by MDA-MB-231 cells treated with indicated siRNAs.  
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Extended Figure 5. Pharmacological treatment of TNBC PDX with mTORC1 drugs. (A-C) 

Representative immunoblots showing the levels of p-S6K and p-4E-BP1 (quantified in graphs) 

in indicated TNBC PDX treated with indicated drugs. (D) Representative immunoblots and 

associated quantifications of MT1-MMP in PDXs treated with Everolimus or control, with 

GAPDH as a loading control. MT1-MMP in MDA-MB-231 and MCF10DCIS.com cell lines were 

used as a reference. The BC111 is a HER2+ breast PDX as a negative control.  
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Table S1: siRNA used in this study  

siRNA Reference Targeted sequence 

Non-targeting D-001810-01 UGGUUUACAUGUCGUACUAA 

ATG5 L-004374-00-0005  

CDKN1B L-003472-00-0005  

DEPDC5 L-020708-00-0005 

GGGGAUAUGUGGCGACUAA 

GAUCUGUGCGAGAGCGAGA 

UGUCUAUGUUAAUGUCGUA 

CAUGGGAGAGCAACCGUUA 

FLCN L-009998-02-0005 

AAGAGACCUCCAUUAAAU 

CGGGAAUAUAUCAGCCAUGA 

ACACAGCCUUCACGCCAUU 

GAGGAUCCUUGGUCCAGA 

LAMTOR 1 L-020916-02-0005 

GUUUGUCACCCUCGAUAAA 

AAGUGAGGGUAGAACCUUU 

GGCUUAUACAGUACCCUAA 

UCUCCAGGAUAGCUGCUUA 

LAMTOR 4 L-028918-02-0005 

AGGCACACCUGUCGGUCUU 

UGUUUGUGGUGAAGAGGCA 

CAGCACAGCCUGCGGUUUC 

GUGCAGUGCUGGCGUCAUC 

MCOLN1 L-006281-00-0005 

GACCUUCGCCGUCGUCUCA 

UGAUCACGUUUGACAACAA 

CAACGACACAUUUGACAUU 

GAUCUCACCCUCUUGGAAA 

MT1-MMP L-004145-00-0005 

GGAUGGACACGGAGAAUUU 

GAUCAAGGCCAAUGUUCGA 

GGUCUCAAAUGGCAACAUA 

GGAAACAAGUACUACCGUU 

NPRL2 L-015645-00-0005 

GCAAGACAGGCAUGAGCUA 

GACCCAAGAUCACCUAUCA 

GUACUACGGCGUUGUGACA 

GCAUCGAACACAAGAAGUA 

RCTOR L-016984-00-0005  

RHEB L-009692-00-0005  
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RPTOR L-004107-00-0005  

RRAGA L-016070-00-0005  

RRAGB L-012189-01-0005 

GAAGAAGAUUUGAGGCGUU 

GGGACAACAUCUUCCGAAA 

AGUGUAAAGAGCAGCGUGA 

CUGAGAAAACGACGGAGAA 

RRAGC L-017822-01-0005 

GGUCGGAUGCCACGUGCUA 

GCAAUUAUCAAGCUGAAUA 

GGAUUCUGCUCAUGGGACU 

UCUAAAGCCUACAAAGUUA 

RRAGD L-016120-00-0005  

SLC38A9 L-007337-02-0005  

TFE3 L-009363-00-0005  

TFEB L-009798-00-0005 

GCAGAUGCCCAACACGCUA 

UGAAAGGAGACGAAGGUUC 

GCAGCCACCUGAAUGUGUA 

CAACAGUGCUGGGAAUAGC 

TKS5 L-006657-00-0005 

ACAAUAACCUCAAAGAUGU 

GGAUAAGUUUCCCAUUGAA 

CGACGGAACUCCUCCUUUA 

GGACGUAGCUGUGAAGAGA 

VPS35 L-010894-00-0005 

GAACAUAUUGCUACCAGUA 

GAAAAGAGCAUGAGUUGUUA 

GUUGUAAAACUGUAGGGAUG 

GAACAAAUUUGGUGCGCCU 
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Table S2: Antibodies used in this study 

Antigen Reference Species IF WB (d, MW) 

a-tubulin Sigma T-9026 
Mouse 

(monoclonal) 
X 

1/10 000 55 

kDa 

Actin Sigma A1978 
Mouse 

(monoclonal) 
X 

1/10 000 42 

kDa 

AKT Cell Signaling 9272 
Rabbit 

(polyclonal) 
X 

1/1000 65 

kDa 

ATG5 
Novus Biologicals 

NB110-53818 

Rabbit 

(polyclonal) 
X 

1/500 56 

kDa 

CD63 (LAMP3) 
BD Pharmingen 

556019 

Mouse 

(monoclonal) 
1/200 X 

Collagen cleavage 

site 

Immunoglobe 0217-

050 

Rabbit 

(polyclonal) 

1/100 -

500 
X 

Cortactin Merck 05-180-I 
Mouse 

(monoclonal) 
1-200  

EEA1 
BD Transd. Lab. 

610457 

Mouse 

(monoclonal) 
1/200  

FLCN Cell Signaling 3697S 
Rabbit 

(monoclonal) 
X 

1/1000 70 

kDa 

GAPDH Santa Cruz 25788 
Rabbit 

(polyclonal) 
X 

1/10 000 37 

kDa 

GFP Abcam ab13970 
Chicken 

(polyclonal) 
1/500 X 

GFP Abcam ab6556 
Rabbit 

(polyclonal) 
X 1/500 

LAMP1 
BD Pharmingen 

555798 

Mouse 

(monoclonal) 
1/100  

LAMTOR 1 Cell Signaling 8975 
Rabbit 

(monoclonal) 
1/100 

1/1000 18 

kDa 

LAMTOR 4 Cell signaling 13140S 
Rabbit 

(monoclonal) 
1/250 

1/10000 11 

kDa 

LC3 MBL M152-3 
Mouse 

(monoclonal) 
1/1000 X 
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MT1-MMP Merk MAB3328 
Mouse 

(monoclonal) 
1/200 

1/1000 66 

kda 

MT1-MMP (clone 

2D7) 
Homemade 

Mouse 

(monoclonal) 
1/100 X 

mTOR Cell Signaling 2983S 
Rabbit 

(monoclonal) 
1/400 X 

NPRL2 Cell Signaling 37344 
Rabbit 

(monoclonal) 
X 

1/1000 40 

kDa 

p27 Kip1/CDKN1B Santa Cruz 1641 
Mouse 

(monoclonal) 
X 

1/1000 20 

kDa 

p-4E-BP1 Cell Signaling 13443 
Rabbit 

(monoclonal) 
 

1/1000 20 

kDa 

p-AKT Cell Signaling 4060S 
Rabbit 

(monoclonal) 
X 

1/1000 65 

kDa 

p-p70 S6 kinase Cell Signaling 9205 
Rabbit 

(polyclonal) 
X 

1/1000 65 

kDa 

p70 S6 kinase Cell Signaling 2708 
Rabbit 

(monoclonal) 
X 

1/1000 65 

kDa 

Rab7 Cell Signaling 9367 
Rabbit 

(monoclonal) 
1/100 

1/1000 23 

kDa 

RagA Cell Signaling 4357 
Rabbit 

(monoclonal) 
1/100 

1/1000 30 

kDa 

RagB Cell Signaling 8150 
Rabbit 

(monoclonal) 
 

1/1000 40 

kDa 

RagC Cell Signaling 9480S 
Rabbit 

(monoclonal) 
1/100 

1/1000 50 

kDa 

Raptor Santa Cruz 81537 
Mouse 

(monoclonal) 
X 

1/100 130 

kDa 

TFE3 Cell Signaling 
Rabbit 

(polyclonal) 

Doesn't 

work 

1/1000 60 

kDa 

TFEB Cell Signaling 4240S 
Rabbit 

(polyclonal) 

Doesn't 

work 

1/1000 65 

kDa MILK 

TKS5 Cell Signaling 16619 
Rabbit 

(polyclonal) 
1/100 1/200 

Tubulin Sigma T-9026 
Mouse 

(monoclonal) 
X 

1/10 000 55 

kDa 
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Vinculin Merck MAB374-C 
Mouse 

(monoclonal) 
X 

1/2000 130 

kDa 

Vps35 (clone B5) 
Santa Cruz  sc-

374372 

Mouse 

(monoclonal) 
X 

1/500 90 

kDa 

     

Secondary 

antibody 
Reference IF WB  

Anti-Rabbit HRP Sigma A0545 X 1/10 000  

Anti-Mouse HRP 
Jackson IR 115-035-

062 
X 1/20 000  

Anti-Chicken 

AF488 

Molecular Probes 

A11039 
1/300 X  

Anti-Mouse AF488 
Molecular Probes 

A21202 
1/500 X  

Anti-Mouse Cy3 
Jackson IR 715-165-

151 
1/500 X  

Anti-Mouse AF647 Invitrogen A31571 1/200 X  

Phalloidin AF488 
Molecular Probes 

A12379 
1/400 X  

Phalloidin AF546 
Molecular Probes 

A22283 
1/200 X  

Phalloidin AF633 
Molecular Probes 

A22284 
1/200 X  

Anti-Rabbit AF488 
Molecular Probes 

A21206 
1/200 X  

Anti-Rabbit Cy3 
Jackson IR 711-165-

152 
1/800 X  

     

 

  



 161 

Table S3: Drugs used in this study  

Reagent Company Reference Vehicle 
Working 

dilution 

Apilimod Euromedex S6414 DMSO 1 µM 

Everolimus Novartis  
Ultrapure 

water 
100 nM 

GM6001 Merck Millipore CC1100 Ethanol 40 µM 

Rapamycin Tocris Biotechne 1292 Ethanol 20 nM 

Torin-1 Tocris Biotechne 4247 DMSO 350 nM 
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Supplementary Movie 1.  MT1-MMPpHLuorin exocytosis at invadopodia in control cells. MDA-

MB-231 expressing MT1-MMPpHLuorin (green) and transfected with non-targeting siRNA for 72 

hrs were seeded on a thin layer of fibrillar type I collagen (red) and analyzed by confocal 

spinning-disk microscopy. Inset shows higher magnification of boxed region for MT1-

MMPpHLuorin signal (represented in inverted Gray LUT). Images were taken every 20 sec for 15 

minutes (time is in min:sec). Representative movie from three independent experiments. 

 

Supplementary Movie 2. MT1-MMPpHLuorin exocytosis at invadopodia in cells KD for RagC. 

MDA-MB-231 expressing MT1-MMPpHLuorin (green) and transfected with RagC siRNA for 72 

hrs were seeded on a thin layer of fibrillar type I collagen (red) and analyzed by confocal 

spinning-disk microscopy. Inset shows higher magnification of boxed region for MT1-

MMPpHLuorin signal (represented in inverted Gray LUT). Images were taken every 20 sec for 15 

minutes (time is in min:sec). Representative movie from three independent experiments. 

 

Supplementary Movie 3. PIV analysis of TKS5GFP-invadopodia in control cells. MDA-MB-231 

expressing TKS5GFP (green) and transfected with non-targeting siRNA for 72 hrs were seeded 

on a thin layer of fibrillar type I collagen (red) and analyzed by confocal spinning-disk 

microscopy. The right panel shows TKS5GFP (Gray LUT) analyzed by PIV. Velocimetry vectors 

are displayed. Orange vectors are interpolated vectors. Images were taken every min for 60 

minutes (time is in min). Representative movie from three independent experiments. 

 

Supplementary Movie 4. PIV analysis of TKS5GFP-invadopodia in control cells. MDA-MB-231 

expressing TKS5GFP (green) and transfected with RagC siRNA for 72 hrs were seeded on a 

thin layer of fibrillar type I collagen (red) and analyzed by confocal spinning-disk microscopy. 

The right panel shows TKS5GFP (Gray LUT) analyzed by PIV. Velocimetry vectors are 

displayed. Orange vectors are interpolated vectors. Images were taken every min for 60 

minutes (time is in min). Representative movie from three independent experiments. 



 163 

CONCLUSIONS AND DISCUSSION 

1.  Starved cancer cells engage an MT1-MMP-based matrix proteolysis 
program  

Malignant cells require access to oxygen and nutrient to thrive and thus tumor progression 

is often accompanied by the formation of blood vessels through various molecular and cellular 

processes (Lugano et al., 2020). Tumoral vessels are very different from normal blood vessels 

and are characterized by endothelial gaps causing fluid leakage and interstitial pressure 

buildup, thin walls and an inconsistent basement membrane that makes vessels susceptible 

to collapse and a sluggish, inconstant blood flow which fails to deliver nutrients and oxygen 

optimally to tumor cells (Chaplin et al., 1987; Hashizume et al., 2000; Hida & Maishi, 2018). In 

certain solid tumors such as breast and pancreatic cancers, cells can adapt to nutrient 

depletion by internalizing extracellular seric proteins and ECM fragments as alternative 

sources of AA (Commisso et al., 2013; Gouirand et al., 2018, 2022; Kamphorst et al., 2015; 

Nazemi & Rainero, 2020; Nofal et al., 2017; Olivares et al., 2017; Pickup et al., 2014; 

Recouvreux et al., 2020). However, the mechanism underlying ECM breakdown under 

nutrient-depleted conditions was unknown and we hypothesized that the invadopodia 

TKS5/MT1-MMP axis could be involved in the production of ECM fragments under conditions 

of nutrient scarcity. Our results reveal that amino acid and growth factors starvation induced a 

potent ECM degradation response in breast cancer cells that was dependent on MT1-MMP 

and TKS5 expression. At the molecular and cellular levels, we showed that MT1-MMP was 

clustered in arrested CCPs at the plasma membrane of starved cells with TKS5 closely and 

stably associated with endocytosis-incompetent CCPs. (Colombero et al., 2021). The 

geometry of actin in clathrin-mediated endocytosis (CME) was recently studied using 3D 

super-resolution microscopy, revealing an asymmetry in N-WASP and Arp2/3 complex 

recruitment and in actin polymerization on one side of the CCP (Jin et al., 2021). Similarly, our 

immunofluorescence and TIRF microscopy experiments revealed a close and long-lasting 

association of TKS5 with arrested CCPs (Colombero et al., 2021). Further exploration will be 

necessary to unravel a potential function for TKS5 in arrested and possibly normal CCPs but 

these results could potentially implicate TKS5 in a novel role outside of classical invadopodia 

as a stabilizer of CCPs (Figure 28).  
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Figure 28: Schematic model of the promotion of an MT1-MMP/TKS5-based ECM degradation 

machinery in starved cancer cells. In nutrient replete conditions, contact with the ECM promote 

TKS5-positive invadopodia formation wherein MT1-MMP is enriched from endolysosomal 

recycling. The invadopodia degrades the ECM. Starvation impedes the internalization of MT1-

MMP from the plasma membrane by repressing clathrin-mediated endocytosis, leading to 

increased ECM degradation. The proteolytic fragments are internalized to fuel metabolism. In 

this model, TKS5 is associated with, and stabilizes the clathrin pits (Colombero et al., 2021). 

 

Our data revealed that reactivation of mTORC1 signaling in starved cells by supplementing 

the EBSS buffer with free AA or by silencing the TSC complex partially inhibited ECM 

degradation, which suggests that mTORC1 may modulate the dynamics of CME (Colombero 

et al., 2021). Similar to our observations, early studies in Drosophila melanogaster showed 

that inhibition of TORC1 signaling (by S6K knock-out, inactivation of the V-ATPase/TORC1 

pathway, or overexpression of dominant negative Tor) reduced endocytosis (Gleixner et al., 

2014; Hennig et al., 2006). Furthermore, analysis of the functions of human kinases in CME in 

HeLa cells also revealed that the silencing of FRAP1 (mTOR) and other components of the 

TOR signaling pathway blocked endocytosis of VSV virus, which is specifically internalized by 

CME (Pelkmans et al., 2005). In our study, starvation was achieved by cultivating our cells in 

EBSS buffer, which is commonly used to starve cells and study mTOR signaling, but the lack 

of AA and growth factors are harsh conditions that potentially impact many signaling pathways. 

As such, we noticed a significant (not total) inhibition of AKT phosphorylation after 1 h of 

starvation in EBSS, consistent with a decrease of mTORC2 activity. Using p-AKT inhibitor, 

MK2206, or RICTOR silencing, we observed a complete inhibition of p-AKT both in fed and 

starved cells. Although these conditions had no effect on ECM degradation by cells cultured in 

a complete medium, they partially repressed degradation induced by starvation (personal data 

not shown). These results suggest that while starvation-induced ECM degradation is 

dependent on mTORC1, it might also be regulated to some extent by mTORC2 (and growth 

factors) signaling. Interestingly, in Drosophila proximal tubular cells, depletion of Raptor 
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(mTORC1) alone or Raptor and Rictor (mTORC2) (but not Rictor alone) repressed receptor-

mediated endocytosis of lactoglobulin (Grahammer et al., 2017). Although mechanistic insights 

are missing, these data are in line with our results showing that starvation and repression of 

both mTORC1 and mTORC2 repress CME and sequestrate MT1-MMP in arrested CCPs 

(Colombero et al., 2021). It would be interesting to further explore which of these pathways 

may be altered in starved cells and could contribute to the regulation of invadopodia activity.  

 

Although collagen cleavage was increased by one order of magnitude by starved 

cancer cells, we have not studied if and how collagen could be internalized. The scavenging 

strategies of cancer cells are diverse and numerous internalization pathways of collagen have 

been described, mostly by binding to cellular receptors. Collagen has many known 

transmembrane cellular receptors such as integrins (α1β1, α2β1, α10β1, …), discoidin domain 

receptors (DDR), the urokinase plasminogen activator receptor-associated protein (uPARAP, 

also known as Endo180), and others (Elango et al., 2022). CME of uPARAP/Endo180 receptor 

bound to its collagen ligand is one of the most described endocytosis routes involved in 

physiological collagen turnover (Curino et al., 2005b). However, as CME is seemingly inhibited 

by starvation (Colombero et al., 2021), it is unlikely that collagen would be internalized through 

CME in starved cells. Furthermore, recent transmission electron microscopy studies revealed 

that fibroblasts of mice deficient for uPARAP/Endo180 could still uptake collagen via 

phagocytosis, which would suggest that this receptor does not play a (major) role in the uptake 

of collagen in vivo and that other alternative uptake routes of collagen might be at play 

(Sprangers et al., 2017). Phagocytosis of collagen may therefore be a potential candidate 

pathway for the uptake of collagen by starved breast cancer cells. Earlier work also revealed 

that MT1-MMP activity was required for collagen fragmentation prior to phagocytosis (H. Lee 

et al., 2007). α2β1 and α1β2 integrins have been implicated in collagen phagocytosis by 

fibroblasts during matrix turnover (Abraham et al., 2007; W. Lee et al., 1996; W. Lee & 

McCulloch, 1997; Moreno-Layseca et al., 2019; Staudinger et al., 2013), and integrin-mediated 

collagen phagocytosis may represent an exploitable pathway to uptake collagen fragments in 

starved cells. However, these studies were focused on phagocytosis by fibroblasts and 

macrophages and fairly little is known about phagocytosis by breast cancer cells or the role of 

starvation and mTOR signaling in phagocytosis. Although relatively less studied, integrins can 

also be internalized by caveolin-dependent endocytosis (Bass et al., 2011; F. Shi & Sottile, 

2008), and interestingly, recent results in our lab show that integrin β1-bound collagen was 

found in lysosomes decorated with caveolin-1 in MDA-MB-231 and that his internalization 

required the cleavage of the collagen fiber (work of Pedro Monteiro). Furthermore, it was 

recently shown that treating MDA-MB-231 cells with the lipid raft-mediated endocytosis 

inhibitor Filipin repressed collagen internalization in AA-starved MDA-MB-231 cells (Nazemi et 
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al., 2021). As CME is impeded by starvation (Colombero et al., 2021), it is tempting to 

hypothesize that nutrient-depleted MDA-MB-231 cells could internalize collagen-bound 

integrins by caveolae-dependent endocytosis. Further experimental work is required to explore 

this hypothesis.  

Nutrient depletion and mTORC1 repression in Ras-transformed cells induce 

internalization of extracellular proteins via macropinocytosis, a non-selective form of 

endocytosis through which cells assimilate both extracellular fluid and macromolecules by 

generating large, uncoated endocytic vesicles (macropinosomes) that range in diameter from 

0.2 to 5.0 µm (Commisso et al., 2013; Davidson et al., 2017; Finicle et al., 2018; Kamphorst et 

al., 2015). Therefore, macropinocytosis is also an attractive putative pathway for collagen 

internalization by nutrient-challenged breast cancer cells. In that line, it was shown that 

collagen was scavenged by macropinocytosis in glucose-starved PDAC as starved cells 

treated with the macropinocytosis inhibitor EIPA could no longer internalize collagen (Olivares 

et al., 2017). Macropinocytosis is a process stimulated by growth factors which activate the 

Ras/PI3K/Rac1 pathway (Recouvreux & Commisso, 2017). In our experimental conditions, 

cells were deprived of growth factors. Activating mutations in Ras could circumvent the 

requirement for growth factors and constitutively activate macropinocytosis for ECM 

scavenging (Commisso et al., 2013).  

 

Several studies have shown that internalized fragments of ECM are used as an 

alternative source of AAs to fuel cell metabolism and promote tumor survival and growth 

(Gouirand et al., 2022; Muranen et al., 2017; Olivares et al., 2017). The mechanisms 

underlying ECM degradation prior to internalization had not been studied yet. Although we 

showed that starvation increased collagen degradation by one order of magnitude, it remains 

unknown if this dramatic response generates ECM fragments that are small enough to be 

internalized, and if it could impact cell survival and metabolism. A recent study showed that 

Matrigel and collagen I matrices could be internalized by MDA-MB-231 cells, which were 

starved of AAs for three days (Nazemi et al., 2021). Collagen I is made mostly of three non-

essential amino acids (proline, hydroxyproline, and glycine) but surprisingly, these authors 

reported that uptake of collagen I correlated with the enrichment of tyrosine and phenylalanine 

metabolism, two amino acids that can be transformed into fumarate and fuel the tricarboxylic 

acid cycle to promote cell proliferation (Figure 29). The metabolomic analysis performed by 

Nazemi and colleagues also revealed enrichment of proline and hydroxyproline in starved cells 

plated on collagen or Matrigel as compared to cells grown on plastic. Interestingly, in 

pancreatic ductal adenocarcinoma cells, proline derived from internalized collagen has been 

shown to promote cell survival in glucose- or glutamine-starved conditions (Olivares et al., 

2017). Proline is a potent modulator of carcinogenesis and is converted to Glutamate by two 
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key enzymes, PRODH, which converts Proline to P5C, and P5CDH which reduces P5C to 

Glutamate. PRODH is upregulated upon inhibition of mTORC1 and nutrient stress (Pandhare 

et al., 2009). Moreover, elevated proline metabolism via PRODH activity has been shown to 

promote the formation of breast metastasis in vivo (Elia et al., 2017). Taken together, these 

data suggest a mechanism whereby AA starvation of carcinoma cells could unleash an MT1-

MMP-based proteolysis response which would feed the cells with collagen fragments. These 

fragments would in turn be internalized (by an undefined route, see above) and used as an 

exogenous source of proline, a carcinogenic substrate that could promote cell survival, growth, 

and potentially invasion (Figure 29).  

 

Figure 29: Scheme showing the potential role of the invadopodia in fueling starved cells with 

amino acids (Proline, Tyrosine, Phenylalanine) which can be transformed into TCA cycle 

intermediates and provide energy to the cell. In this model, starvation and mTORC1 repression 

would promote invadopodia-mediated collagen cleavage and catabolism of Proline, a 

carcinogenic substrate.  

2.  The mTORC1/TFEB axis is a novel regulator of invadopodia.  

 

In order to minimize the contribution of mTORC2 and growth factors signaling, and in an 

effort to characterize the role of mTORC1 in the ECM degradation program of breast cancer 

cells, we used a siRNA-based approach to KD several key regulatory components of the 
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mTORC1 signaling pathway and assess their effect on matrix degradation in replete-nutrient 

conditions. We found a strong correlation between the repression of mTORC1 activity based 

on the phosphorylation of the classical S6K and 4E-BP1 substrates used as proxies, and 

induction of matrix degradation, in two different breast cancer cell lines and several triple-

negative PDX models. Degradation was mediated by classical key invadopodia components, 

MT1-MMP and TKS5, and required the activation of transcription factor EB (TFEB). PIV 

analysis, used here for the first time to study the dynamics of linear invadopodia, revealed that 

TFEB activation stimulates the radial expansion and velocimetry of invadopodia, a process 

that was known to require MT1-MMP activity (Ferrari et al., 2019). Finally, we showed that 

mTORC1 repression in breast cancer spheroids or PDX organoids promoted a collagenolytic-

dependent invasion program (Figure 30). 

 

 

Figure 30: Regulation of the invadopodia by the mTORC1/TFEB signaling axis. (Left) MT1-

MMP is recycled to invadopodia from the endolysosomal compartment and cleaves the ECM 

fibers. The mTORC1 pathway is activated by nutrients such as amino acids and 

phosphorylates its substrates to promote anabolism and repress catabolic processes. (Right) 

Upon mTORC1 repression, TFEB translocates in the nucleus and activates the expression of 

genes from the CLEAR network, promoting lysosomal exocytosis of MT1-MMP at invadopodia. 

Increased surface exposure of MT1-MMP leads to enhanced ECM degradation and invasion 

by breast cancer cells. 

2.1.  Beyond TFEB 

 
TFEB recognizes and binds a consensus motif in the promoter region of its target genes 

to modulate their transcription. The genes belonging to this network (Coordinated Lysosomal 
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Expression and Regulation, CLEAR network of genes) are mostly associated with the 

lysosomal function (Palmieri et al., 2011). Interestingly, MT1-MMP protein levels were 

upregulated upon RagC KD and mTORC1 repression, and this effect was abolished by 

simultaneous TFEB knock-down, raising the possibility that MT1-MMP and possibly other 

invadopodia components could be part of the CLEAR network. Furthermore, we showed that 

mTORC1 repression and TFEB activation were required for the increase in ECM degradation 

which is supported by enhanced MT1-MMP exocytosis at the invadopodia. How TFEB can 

regulate MT1-MMP expression and exocytosis as well as the ECM degradation program 

remains an open question. We wish to compare the transcriptomes of MDA-MB-231 cells 

knocked down for RagC to assess the genes differentially expressed upon TFEB activation. 

Although these results are still pending, existing data from the CLEAR network suggest several 

possibilities to explain the phenotypes observed in our study. 

TFEB has been shown to promote lysosomal exocytosis by upregulating the expression of 

several genes, such as mucolipin-1 (MCOLN1 or TRPML1). Increased Ca2+ efflux via MCOLN1 

induces lysosomal exocytosis (Medina et al., 2011; Xu et al., 2021). Interestingly, KD of 

MCOLN1 could abolish the matrix degradation induced by RagC KD, suggesting that MT1-

MMP exocytosis could require increased MCOLN1 activity downstream of mTORC1 

repression and TFEB activation (Figure 31). However, calcineurin-mediated 

dephosphorylation of TFEB also requires Ca2+ released by MCOLN1 (Medina et al., 2015a). 

Activated nuclear TFEB then upregulates MCOLN1 expression in an auto-regulatory loop 

(Medina et al., 2011). Further work will thus be required to decipher the contribution of the 

TFEB/MCOLN1 axis in our cell models.  

Autophagy is a multifaceted process with a complex and highly context-dependent role in 

tumorigenesis and has been proposed to have pleiotropic roles in the metastatic cascade 

(Mowers et al., 2016). As autophagy is regulated by mTORC1 and TFEB we sought to explore 

whether autophagy could influence ECM degradation upon mTORC1 repression. Upon RagC 

KD, the number of LC3-positive vesicles increased, which is characteristic of autophagy 

induction. KD of the autophagy initiator, Atg5, abolished the upregulation of LC3-positive 

vesicles, both in control and RagC KD cells. Interestingly, autophagy repression had no effect 

on the gelatin degradation response both in control and RagC KD cells, suggesting that 

autophagy is not involved in the upregulation of invadopodia activity in MDA-MB-231 cells 

(Figure 31). 

A role for SNX-retromer proteins in the recycling of MT1-MMP from the endolysosomal 

compartment to the invadopodia has recently been described (P. Sharma et al., 2020). 

Retromer proteins Vps35 and Vps26 have also been recently described as being regulated by 

TFEB (Curnock et al., 2019). Knock-down of Vps35 abolished gelatin degradation by MDA-

MB-231 cells, confirming earlier results (P. Sharma et al., 2020). Interestingly, Vps35 KD also 
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abolished siRagC-induced matrix degradation, suggesting that the recycling pathway of MT1-

MMP at the invadopodia under mTORC1 repression shares similarities with the recycling 

pathway of control cells retaining mTORC1 activity (Figure 31).  

 

Figure 31: Exploring the CLEAR network. MDA-MB-231 cells were transfected with indicated 

siRNAs for 72 h before assessing gelatin degradation as described in Material and Methods 

section. 

 

2.2. Decoupling mTORC1 signaling and TFEB activity 

 
 We show that mTORC1 repression is the leading cause for TFEB activation and for 

modification of invadopodia dynamics. The decoupling of TFEB and mTORC1 activity has 

been described in a handful of circumstances, including kidney, pancreatic and skin cancers 

and is generally (but not systemically) due to a perturbation of FLCN activity (Napolitano et al., 

2022).  FLCN is downregulated in basal-like breast cancers compared to adjacent healthy 

breast tissue and overexpression of FLCN in TNBC is sufficient to reduce angiogenesis and 

tumor growth (El-Houjeiri et al., 2021). It is tempting to postulate that active MiTF proteins 

(TFEB, TFE3) in TNBC cells lacking FLCN expression could stimulate an invadopodia-

mediated invasion program.  
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2.3.  Cell line-heterogeneity and diversity: adding a new layer of complexity to 

the Rag-ulation of the mTORC1 pathway  

 

Knock-down of Lamtor 1 and Lamtor 4 (hereafter referred as Ragulator) in MDA-MB-231 

cell lines was sufficient to down-modulate p-S6K and p-4E-BP1 and induce TFEB 

nuclearization, as previously described (Martina & Puertollano, 2013). However, it did not 

induce matrix degradation, which was surprising (see Figure 1 in Chapter 3). Further work is 

required to understand these disparate phenotypes but as Lamtor proteins have mTORC1-

independent functions as direct regulators of MCOLN1-mediated release of calcium and of 

Arl8/BORC lysosomal trafficking and positioning, disrupting Lamtor proteins might promote 

TFEB activation but could also affect the trafficking of invadopodia components such as MT1-

MMP and dysregulate TFEB-mediated ECM degradation. (Filipek et al., 2017; J. Sun et al., 

2022). The majority of studies dissecting the mechanisms of mTORC1 regulation have been 

performed on the widely used cell lines HeLa, HEK293T, mouse embryonic fibroblasts, and 

their derivatives. As a central regulator of cell proliferation and growth, mTORC1 has different 

functions in different tissues which implies that the regulation of mTORC1 must not be identical 

depending on the tissue or cell type, especially when considering cancer cells. Our results hint 

at the existence of cell-to-cell heterogeneity in the regulation of mTORC1 signaling and 

although no molecular mechanism has been proposed to explain these disparities, the 

implications behind the existence of several programs of regulation of mTOR are intriguing and 

should be further explored. We illustrate these differences with our observations where 

Ragulator KD in MCF10DCIS.com cells induced collagen degradation, which was independent 

of TFEB (Figure 32). Furthermore, although p-S6K and p-4E-BP1 levels decreased upon 

Raptor KD in MCF10DCIS.com, there was no observable translocation of TFEB in the nucleus 

(Figure 32). TFEB is an atypical substrate compared to S6K and 4E-BP1 as it does not have 

a TOS motif and is recruited to the lysosome by the “active” GDP-bound form of RagC/RagD 

(Alesi et al., 2021; Gollwitzer et al., 2022; Martina & Puertollano, 2013; Napolitano et al., 2020; 

Roczniak-Ferguson et al., 2012; Settembre et al., 2012). However, recent structural data 

support the notion that Raptor and TFEB interact directly with no data to account for the 

function of this interaction yet (Cui et al., n.d.).  
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Figure 32: Cell line heterogeneity in mTORC1 regulation. MCF10ADCIS.com cells were 

transfected with indicated siRNAs for 72 h before assessing endogenous TFEB localization 

(left graph) or collagen cleavage (right graph) as described in Material and Methods section. 

 

3.  Inhibiting mTORC1 in breast tumors: a metastatic risk?  

 

Our data demonstrate clearly that mTORC1 repression stimulates an invadopodia-

mediated collagenolytic invasion program in breast cancer cells. RagC-silenced cells 

engineered as multicellular spheroids invade through the collagen 30 to 40% more than control 

spheroids. Furthermore, treatment with mTORC1 inhibitor Everolimus increases 

collagenolysis by one order of magnitude in TNBC PDX cells which is accompanied by an 

increase in the number of cells invading through the collagen matrix. Although mTORC1 

pharmacological inhibition represses cell growth and proliferation in vitro and in ex-vivo PDX 

explants (Hatem et al., 2016), our results suggest that it could very well promote the expansion 

of a subpopulation of metastatic precursors by boosting invadopodia activity. Along this line, 

low expression of RAPTOR, FLCN and FRAP (mTOR) and high expression of TFEB at the 

mRNA level are associated with a lower probability of relapse-free survival and are considered 
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poor prognosis factors for patients diagnosed with TNBC (Figure 33) (Bertozzi et al., 2021; El-

Houjeiri et al., 2021; Győrffy, 2021). 

 

 

Figure 33: mTORC1 low expression as markers of poor prognosis in TNBC. Kaplan-Meier 

survival analysis of relapse-free survival (RFS) probability in TNBC patients using gene chip 

data from GEO, EGA, and TCGA databases. Low expression of mTOR (FRAP1) and RPTOR 

are correlated to a worse prognosis. 

 

Everolimus may be offered as a second line of treatment to post-menopausal women with 

ER-positive, HER2-negative, locally advanced, or secondary breast cancer. Recently, a 

systematic review and meta-analysis of Everolimus in the treatment of advanced breast cancer 

from almost 3 000 patients revealed that Everolimus significantly increased the risk of 

developing grade III tumors, which are characterized by abnormal, poorly differentiated cells 

with a higher risk to spread and invade (Raphael et al., 2020). A growing body of literature 

based on cell proliferation and apoptosis assays shows that Everolimus treatment could be an 

effective course of treatment for TNBC (Costa et al., 2018; el Guerrab et al., 2020; J. Lee et 

al., 2021) but our results show that mTORC1 repression could potentiate tumor cell invasion. 

As proof of concept, we are currently analyzing the nuclear localization of TFEB and the 

expression of MT1-MMP in PDX cells implanted in the breast fat pad of mice treated with 

Everolimus or control. We expect to see nuclear translocation of TFEB in Everolimus-treated 

mice as well as a reduction in the levels of p-S6. PicroSirius Red staining to appraise collagen 

density will allow us to determine if the stroma of Everolimus-treated mice is reduced compared 

to control, which would suggest degradation of the extracellular matrix.  
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4.  Concluding remarks  

 

Tumor heterogeneity is the result of the interplay between genetic and environmental 

factors. Our work show that cancer cells respond to modifications in their immediate 

microenvironment, such as nutrient deprivation, by mounting a robust collagen proteolytic 

response based on MT1-MMP and the invadopodia scaffold protein TKS5. We propose a new 

mechanism of degradation by starved cancer cells where TKS5 associates and stabilizes 

CCPs to isolate and sequestrate a pool of MT1-MMP at the plasma membrane, supporting an 

enhanced propensity to degrade the ECM. The master regulator of nutrient mTORC1 plays a 

fundamental role in this process as its repression unleashes a dramatic invadopodia-mediated 

collagenolytic response which depends on TFEB activation. Genetic aberrations in TNBC and 

hyperactivation of the PI3K/AKT/mTOR pathway has fueled the need to use mTORC1 

inhibitors. We show that inhibition of mTORC1 by neoplastic adjuvant chemotherapies 

(rapamycin, Everolimus) promotes the degradation and invasion of the collagen matrix by 

breast cancer cells, creating a potential for metastatic precursors.  
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Abstract 

Tumor dissemination involves cancer cell migration through the extracellular matrix (ECM). 

ECM is mainly composed of collagen fibers that oppose cell invasion. To overcome hindrance 

in the matrix, cancer cells deploy a protease-dependent program in order to remodel the matrix 

fibers. Matrix remodeling requires the formation of actin-based matrix/plasma membrane 

contact sites called invadopodia, responsible for collagen cleavage through the accumulation 

and activity of the trans-membrane type-I matrix metalloproteinase (MT1-MMP). In this article, 

we describe experimental procedures designed to assay for invadopodia formation and for 

invadopodia activity using 2D and 3D models based on gelatin (denatured collagen) and 

fibrillar type-I collagen matrices.  

 

Key words: collagen, gelatin, invadopodia, confocal spinning disk microscopy, indirect 

immunofluorescence, matrix degradation.  
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1. Introduction 

Invadopodia were first reported in the early 80s as rosette-shaped actin-, vinculin-, and 

alpha-actinin-rich structures forming in chicken embryo fibroblasts transformed by the Rous 

sarcoma virus and associated with a robust matrix proteolytic activity (1,2). Invadopodia have 

since been shown to form specifically in cancer cells in contrast with podosomes that are found 

in noncancerous cells such as macrophages, osteoclasts, and dendritic cells (3-5). The generic 

term invadosome is a merge of the invadopodia and podosome appellations (6). Invadopodia 

have been extensively characterized at the structural and molecular level. In 2D culture 

systems, invadopodia form defined plasma membrane domains on the ventral surface of 

invasive cancer cells in contact with the extracellular matrix (ECM) and represent the major 

structures implicated in local degradation of the underlying ECM. Invadopodia distribution and 

morphology can vary according to cell models and biochemical and physical properties of the 

matrix (7,8). Cells plated on a thin layer of gelatin or denatured collagen develop discrete dot-

like 0.5-1 m diameter structures mainly located underneath the nucleus (9) (Figure 1). In 

contrast, when cultured on a thin layer of fibrillar type-I collagen fibers, invasive tumor cells 

form linear invadopodia, which are aligned along the collagen fibrils (10-15) (Figure 1). In a 3D 

collagen network, invadopodia were shown to form at plasma membrane-ECM fiber contact 

sites in a region anterior to the nucleus (relative to cell movement) (11,12,16,17) (Figure 1). 

This polarized distribution confers invadopodia a protective role for the nucleus by relaxing and 

weakening fibers that oppose cell and nuclear movement and that are responsible for nuclear 

deformation (11,12,18).  

Invadopodia formation is a sequential process consisting of initiation, stabilization, and 

maturation steps (19-21). Invadopodia formation initiates with the local activation of actin 

polymerization machinery composed of the actin-nucleating ARP2/3 complex and its upstream 

activators and cofactors, N-WASP, cofilin, and cortactin (20; 22-24). The scaffolding protein, 

tyrosine kinase substrate 5 (TKS5; also known as SH3PXD2A) has emerged as a specific 

invadopodia component critically involved in the formation of podosomes and both dot-like and 

linear invadopodia (11, 23, 25, 26). Along with actin polymerization, invadopodia are sites of 
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active ECM proteolysis mostly due to the local accumulation of the membrane-tethered matrix 

metalloproteinase, MT1-MMP (aka MMP14). MT1-MMP has been described as the major 

invadopodia regulator of cancer cell invasion and metastasis programs in a wide range of 

malignancies (27). It is stored in intracellular endo/lysosomal compartments from which the 

protease can be recycled and trafficked back to invadopodia (10, 15, 28-32). Thus, F-actin 

polymerization and MT1-MMP-mediated matrix degradation are hallmarks of invadopodia 

formation and activity. 

Since their discovery, invadopodia have mainly been studied owing to the relatively 

simple and widely used cross-linked gelatin assay, in which cells are seeded on top of a thin 

layer of fluorescently-labeled gelatin (19, 28). This experimental set-up allows easy and direct 

visualization of matrix degradation through the loss of gelatin fluorescence (Figure 1). Over the 

past years, new procedures have been developed to explore the mechanisms underlying 

invadopodia formation and activity in experimental conditions closer to the pathological 

situations. These include models based on reconstituted fibrillar type-I collagen, the main 

component of interstitial tissues in the body (10, 11, 13, 15, 26). 

In this chapter, we present protocols for the experimental procedures currently 

available in our laboratory to study invadopodia formation and measure their proteolytic activity 

using 2D and 3D assays based on gelatin (denatured collagen) and fibrillar type-I collagen 

matrices. We use the human mesenchymal mammary adenocarcinoma cell line, MDA-MB-

231, a widely used cell model for invadopodia and tumor cell invasion studies (10-12, 15, 30). 

We detail how to reconstitute gelatin and fibrillar type-I collagen matrices, and how to culture 

cells on top of these matrices and measure invadopodia formation and activity. Moreover, we 

discuss the strengths and weaknesses of each method. 
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Materials 

a. Cell culture 

1. T-75 flasks with filter cap. 

2. Sterilized serological pipettes (5 – 25 mL). 

3. Filtered pipette tips (0.01 – 1 mL). 

4. Sterilized Eppendorf tubes.  

5. 12-well culture plate (22.2 mm-diameter). 

6. MDA-MB-231 breast adenocarcinoma cells (ATCC, HTB-26). 

7. MDA-MB-231 stably expressing TKS5-GFP (available from the authors) (11). 

8. Culture medium for MDA-MB-231 cells; Leibovitz-15 (L15) without L-Glutamine (Merck, 

Darmstadt, Germany), 2 mM L-Glutamine (ThermoFisher Scientific Inc.), 15% heat 

inactivated Fetal Bovine Serum (FBS) (Gibco). 

9. Culture medium for live-cell imaging; Leibovitz-15 (L15) without L-Glutamine (Merck, 

Darmstadt, Germany), 2 mM L-Glutamine (ThermoFisher Scientific Inc.), 15% heat 

inactivated Fetal Bovine Serum (FBS) (Gibco), 20ng/mL hepatocyte growth factor (HGF) 

(ThermoFisher Scientific Inc.). 

10. Phosphate-Buffered Saline 1X (PBS) suitable for cell culture pH 7.4; 137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4. 

11. Trypsin TrypLETM Express (1X) (Gibco). 

12. Humidified cell culture incubator set at 37°C with 1% CO2 for MDA-MB-231 cell line. 

13. Cationic lipid and polyamine-based transfection reagent Lullaby (OZ Biosciences).  

14. Opti-MEMTM 1X (Gibco). 

15. Small interfering RNA (siRNA) (See Table 1) 

16. NucleofectorTM 2B device (Lonza) 

17. Cell Line NucleofectorTM Kit (Lonza). 

 

b. Gelatin degradation assay  

i. Resuspension of fluorescent gelatin 

2. Sucrose solution (2% w/v in PBS). 
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3. Gelatin from pig skin, Oregon GreenTM 488 conjugate, 5 mg (ThermoFisher Scientific Inc.) 

(see Notes 1 and 2).  

4. 1.5 mL Eppendorf tubes. 

5. 15 mL and 50 mL conical Falcon centrifuge tubes. 

6. A centrifuge accepting Falcon tubes able to reach 3,800 xg centrifugal force. 

 

i. Fluorescence labeling of gelatin 

1. Gelatin from porcine skin, 100 g (ThermoFisher Scientific Inc.). 

2. 0.1M Na2CO3 in sterile water. 

3. 0.1M NaHCO3 in sterile water, adjusted to pH 8.3 with Na2CO3 solution. 

4. Dimethyl sulfoxide (DMSO) (Merck).  

5. PBS. 

6. Fluorophore of choice (we use Alexa FluorTM 647 carboxylic acid, succimidyl ester, 

ThermoFischer Scientific Inc.). Of note, gelatin from pig skin conjugated with fluorescein 

or Oregon Green488 can be purchased (Invitrogen) 

7. PD-10 filtration columns (GE Healthcare). 

8. Calibrated pH meter. 

9. A centrifuge accepting Falcon tubes able to reach 8,000 xg centrifugal force. 

10. PierceTM BCA Protein Assay Kit (ThermoFisher Scientific Inc.). 

11. Spectrophotometer to detect absorbance at 280 nm and 562 nm. 

12. A precision scale. 

  

ii. Coverslip preparation for immunostaining 

1. PBS. 

2. Glutaraldehyde. 

3. Sodium borohydride solution 133 mM in PBS. 

4. Poly-L-lysine 0.005% in sterile water (see Note 4). 

5. 12-well culture plate (22.2 mm-diameter). 
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6. Glass coverslips 18 mm-diameter, pre-sterilized (VWR). 

7. Sharp precision tweezers. 

8. Parafilm.  

9. Ethanol 70%. 

7.  

i. MatTek preparation for live-cell imaging 

1. PBS. 

2. Glutaraldehyde 0.5% in PBS. 

3. Sodium borohydride solution 133 mM in PBS.  

4. Poly-L-lysine 0.005%in sterile water (see Note 4).  

5. 35 mm Dish, No. 1.5 Coverslip, 10 mm Glass Diameter, Uncoated glass bottom microwell 

dishes (MatTek Corporation). 

8.  

a. Collagen degradation assay 

i. Coverslip preparation and coating 

1. Type-I Collagen, acid-extracted from rat tail, 100 mg (Corning®). 

2. Type-I Collagen, acid-extracted from rat tail high concentration, 100 mg (Corning®). 

3. Polymerization buffer; 100 µL of Minimum Essential Media (MEM) 10X (with Phenol red, 

without L-glutamine, HEPES and sodium bicarbonate), 50 µL of 0.34N NaOH and 30 µL of 1M 

HEPES. 

4. pH strips (MQuant, Merck). 

5. 12-well culture plate (22.2 mm-diameter well). 

6. Glass coverslips 18 mm-diameter, pre-sterilized (VWR). 

7. Sharp precision tweezers. 

9.  

i. Labeling of collagen 

1. Neutralizing phosphate buffer; 20 mM NaH2PO4 in sterile water, 167 mM NaH2PO4 - H2O 

in sterile water, 470 mM NaCl and 0.045 N NaOH.  
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2. 1M Na2CO3 pH11 in sterile water. 

3. 1M NaHCO3 pH8 in sterile water. 

4. Carbonate buffer; 1M NaHCO3 in sterile water adjusted to pH8.3 with Na2CO3 solution (see 

Note 12). 

5. 0.22 µm polycarbonate filters. 

6. PBS. 

7. Sterile water. 

8. Type-I Collagen, acid-extracted from rat tail, 100mg (Corning®). 

9. Alexa FluorTM 555 NHS Ester (Succinimidyl Ester) (Invitrogen); Alexa FluorTM 488 NHS 

Ester (Succinimidyl Ester) (Invitrogen); Alexa FluorTM 647 NHS Ester (Succinimidyl Ester) 

(Invitrogen).  

10. A precision scale. 

11. Heat-resistant glass bottle. 

 

b. Fixation and immunolabeling 

1. Paraformaldehyde (PFA) 16% (Electron Microscopy Sciences). 

2. PFA 4% (diluted in PBS from 16% PFA). 

3. TRITON® X-100 Detergent, Molecular Biology Grade (Merck). 

4. TRITON® X-100 0.1% diluted in PFA 4% from stock TRITON X-100.   

5. Blocking buffer (10% FBS diluted in PBS).  

6. Primary and secondary antibodies (see Table 1). 

7. Mounting medium ProlongTM Gold antifade reagent with DAPI (4',6-diamidino-2-

phenylindole) (ThermoFischer Scientific Inc.). 

8. PBS.  

9. Sharp precision tweezers.  

10. Microscope glass slides, precleaned.   
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Methods 

c. Cell culture and cell plating 

1. Aspirate culture medium from a confluent flask of MDA-MB-231 cells and gently add 5 mL 

of PBS.  

2. Aspirate PBS and add 1 mL of Trypsin TrypLETM Express. Allow the Trypsin to cover the 

entire flask by tilting.  

3. Quickly aspirate Trypsin and incubate the flask at 37°C, 1% CO2 for 2 min.  

4. After 2 min, remove flask from the incubator and resuspend cells in 10 mL of culture 

medium by pipetting vigorously to detach the cells from the surface and from each other. 

5. Transfer the cell suspension to a 15 mL falcon and count cells manually or using an 

automated cell counting method.  

10.  

a. Invadopodia knockdown as negative control of invadopodia formation and 

matrix degradation  

1. For one transfection reaction in one well of a 12-well plate, prepare the siRNA mix as 

follows: Tube 1 (96 µL of Opti-MEM + 4 µL of Lullaby) and Tube 2 (97.5 µL of Opti-MEM + 

2.5 µL of siRNA stock 20 µM). siRNAs are usually used at 50 nM concentration in the final 

culture medium (see Table 2). Incubate at RT for 5 min.   

11. Add the content of tube 2 to tube 1 and incubate for 20 min at room temperature (RT).  

2. While the siRNA/Lullaby transfection reagent mix is incubating, prepare 800 µL of a cell 

suspension containing 80,000 cells (100,000 cells/mL) for one well.  

3. After 20 min of incubation, transfer the siRNA mix (200 µL) in the well and add 800 µL of 

cell suspension, dropwise.  

4. Gently shake the plate and incubate at 37°C, 1% CO2 for 72 h. If needed, medium can be 

changed 24 h after treatment. 

 

a. Transient transfection of plasmids 



 217 

1. Add 2 mL of complete medium to three wells of a 6-well plate. Incubate at 37°C to pre-heat 

medium. 

2. Resuspend 1x106 MDA-MB-231 cells in 100 µL of the Nucleofector® Solution. 

3. Transfer the cell suspension to a 1.5 mL Eppendorf tube. 

4. Add 1 µg of purified DNA and mix well.  

5. Transfer the content of the Eppendorf tube to an AMAXA cuvette. 

6. Insert the cuvette into the Nucleofector® and launch the X-013 program (MDA-MB-231 

program) by pressing the >>X<< button. 

7. Using the furnished pipette, immediately remove the sample from the cuvette and add one 

drop of sample per well, in the pre-heated culture medium from step 1.  

8. Incubate at 37°C for 4 h. Refresh medium and incubate for 48 h before analysis.  

 

b. Gelatin degradation assay for immunofluorescence microscopy 

i. Dissolution of commercial fluorescent-conjugated gelatin 

1. Add 5 mL of 2% sucrose solution to the tube containing 5 mg of lyophilized gelatin-

fluorescein (or Oregon Green 488) conjugate.  

2. Mix well and transfer to a 50 mL conical Falcon tube.  

3. Repeat steps 1 and 2 twice to efficiently extract all the powder from the commercial vial.  

4. Adjust to 25 mL with 2% sucrose solution and dissolve for 60 min at RT on gentle agitation 

and protected from light. 

5. Aliquot in 1.5 mL Eppendorf tubes and keep frozen at -18°C (in our hands, gelatin solution 

is stable for up to 3-5 years). 

 

ii. Gelatin coupling to fluorophore 

1. Adjust pH of NaHCO3 solution to pH 8.3 using Na2CO3 solution (use a pH meter). 

2. Dissolve 50 mg of gelatin in 4.5 mL of NaHCO3 solution pH 8.3. 

3. Centrifuge the gelatin solution at 8,000 xg for 30 min at RT (see Note 5). 
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4. Dissolve 1 mg of Alexa FluorTM NHS Ester (Succinimidyl Ester) dye with the desired 

excitation/emission wavelengths in 100 µL of DMSO. 

5. Add 100 µL of fluorophore solution to the gelatin solution, dropwise. 

6. Gently rotate the gelatin-fluorophore mix on a spinning wheel for 60 min at RT, protected 

from light. 

7. Remove the non-conjugated dye on two PD-10 gel filtration columns.    

8. Equilibrate the column with 25 mL of PBS. 

9. Add 2.5 mL of the gelatin solution on the equilibrated PD-10 column (use two columns for 

the 5 mL reaction).  

10. Once all the gelatin solution has entered the column, elute with 3.5 mL of PBS. 

11. Harvest eluate in 0.5 mL aliquots. 

12. Measure absorbance at 280nm and pool peak fractions.  

13. Measure protein concentration with method of choice (BCA kit for instance). 

14. Adjust concentration to 0.2 mg/mL with 2% sucrose solution. 

15. Prepare 1 mL aliquots and store at -20°C.   

 

iii. Coverslips coating with gelatin 

It is recommended to perform gelatin coating of the glass coverslips on the day of the 

experiment. The procedure described hereafter is for 18 mm-diameter coverslips in a 12-well 

plate. 

 

1. Place one coverslip per well and add 1 mL of 0.5 µg/mL poly-L-lysine solution for 20 min 

at RT (see Note 4).  

2. Aspirate poly-L-lysine solution from the well and rinse coverslip in 1 mL of PBS.  

3. Aspirate PBS in the well and add 1 mL of 0.5% glutaraldehyde for 10 min at RT.  

4. Aspirate the glutaraldehyde solution from the well and rinse the coverslip three times with 

1 mL of PBS. Keep the coverslip in PBS until next step. 
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5. Place a parafilm on a sterile, flat surface (e.g., the lid of the 12-well plate) and sterilize the 

parafilm with 70% ethanol. Make sure the surface is flat to allow homogeneous coating of 

the coverslip with gelatin. 

6. If using fluorescently-coated gelatin, it is preferable to perform all subsequent steps in the 

dark in order to avoid bleaching of the dye. 

7. For each coverslip, place a drop of 80 µL of gelatin solution on the parafilm layer. 

8. Retrieve the coverslip from the well using the sharp precision tweezers and place it on the 

gelatin drop, the top of the coverslip coated with poly-L-lysine facing down. Incubate in the 

dark for 10 min at RT.  

9. Using the precision tweezers, transfer the coverslip back to the 12-well filled with PBS (see 

Note 6). 

10. Aspirate the PBS and add 1 mL of 0.05 % sodium borohydride solution for 3 min at RT, in 

the dark (see Note 7 and 8). 

11. Safely discard the sodium borohydride solution (see Note 7) and rinse the coverslip 3 times 

with 1 mL of PBS.  

12. Aspirate PBS and add 1 mL of cell culture medium. Incubate the plate in a humidified 37°C, 

1% CO2
 incubator while preparing the cell suspension.  

13. Aspirate the culture medium and add 1 mL of MDA-MB-231 cell suspension (90,000 

cells/mL) in the 12-well (see Note 9). 

14. Incubate at 37°C, 1% CO2 for 6 to 24 h (see Note 10 and 11). 

12.  

i. Gelatin coating of glass-bottom MatTek dish for live-cell imaging 

1. Add 2 mL of 0.5 µg/mL poly-L-lysine solution in the MatTek dish for 20 min at RT (see Note 

4).  

2. Aspirate poly-L-lysine solution from the dish and wash with 2 mL of PBS.  

3. Aspirate PBS and add 2 mL of 0.5% glutaraldehyde for 10 min at RT.  

4. Aspirate 0.5% glutaraldehyde solution and wash the dish 3 times with 2 mL of PBS.  
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5. If using fluorescently-coated gelatin, all steps, from now on, should be performed in the 

dark in order to avoid bleaching of gelatin. 

6. Remove PBS and add a drop of 80 µL of gelatin on the glass coverslip. Spread the drop 

around with the pipette tip to the borders of the glass coverslip. Incubate in the dark for 10 

min at RT.  

7. Rinse excess gelatin with 2 mL PBS and add 2 mL of 5 mg/mL sodium borohydride for 3 

min at RT, in the dark (see Note 7).  

8. Aspirate sodium borohydride (see Note 7) and rinse the dish 3 times with 2 mL of PBS.  

9. Aspirate PBS and add 2 mL of cell culture medium. Transfer the plate to a humidified 37°C, 

1% CO2
 incubator while preparing the cell suspension.  

10. Prepare a 70,000 cell/mL suspension of MDA-MB-231 cells stably expressing TKS5-GFP 

(or MDA-MB-231 cells transfected with a construct encoding an invadopodia marker such 

as dsRed-Cortactin, available on demand). Aspirate the culture medium from the MatTek 

dish and add 2 mL of the cell suspension. 

11. Incubate for 30 min in a 37°C, 1% CO2 incubator to allow cells to adhere to the gelatin-

coated glass bottom. Transfer the dish to the microscope stage and make proper set up 

for time lapse acquisition.  

 

b. Collagen-based matrix for immunofluorescence microscopy 

i. Collagen labeling 

1. Filtrate neutralizing and carbonate buffers with a 0.22 µm polycarbonate filter. 

2. Mix 2 mL of rat tail tendon type-I collagen stock solution (liquid in 0.02 N acetic acid, 

concentration range 3-4 mg/mL) with 0.5 mL of neutralizing buffer in a sterile 25 mL glass 

bottle and incubate 30 min at 37°C, 5% CO2 for collagen polymerization (see Note 13). 

3. Add 5 mL PBS to the collagen gel and leave for 10 min at RT. Repeat this step twice and 

make sure to carefully aspirate all the remaining PBS. 
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4. Mix 3 mL of sterile water with 1 mL of carbonate buffer (1M; pH8.3) and add this solution 

to the polymerized collagen gel. Final concentration is ~0.2 M taking into account the 

volume of the collagen gel (see Note 14). 

5. Resuspend the Alexa FluorTM NHS Ester (Succinimidyl Ester) dye with the desired 

excitation/emission wavelengths in 100 µL of DMSO. Add the dye solution to the bottle 

containing the collagen gel and the carbonate buffer. Incubate overnight at 4°C in the dark 

under constant agitation.  

6. Remove the dye solution.  

7. Wash 5-6 times with 5 mL PBS at RT under agitation for 30 min. Make sure to discard all 

the PBS after the final wash. 

8. On ice, add 2 mL of cold 20 mM HCl to dissolve the labeled collagen.  

9. Agitate in the cold room for at least 2-3 h until total dissolution of the labeled collagen (see 

Note 15). 

10. Store solubilized fluorescently-labeled type-I collagen at 4°C. It can be stored for up to 6 

months at 4°C in the dark.  

 

ii. Preparation of fluorescently-labeled collagen solution   

Collagen gelation is heat-sensitive. Thus, all steps of collagen preparation should be 

performed on ice using ice-cold reagents.  

 

1. Reagents and solutions required for collagen polymerization are transferred to ice (i.e. 

type-I collagen solution, MEM 10X, HEPES 1M, NaOH 0.34N, sterile water).  

2. Prepare the polymerization buffer. 

3. Prepare 1 mL of collagen solution at 2.6 mg/mL by diluting stock collagen solution with 

sterile water (see Note 16).  

4. Fluorescent collagen can be obtained by mixing fluorescently-labeled collagen (see section 

3.5.1) with non-labeled collagen solution to a 1:20-1:40 ratio depending on required 

fluorescence. 
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5. Add 800 µL of collagen solution (2.6 mg/mL) to 180 µL of Polymerization Buffer. A 2.2 

mg/mL type-I collagen polymerization solution is now ready. Keep it on ice until inducing 

polymerization (see Note 17). 

 

iii. Polymerization of a type-I collagen layer for 2D assays 

1. Add a 18 mm-diameter coverslip in a 12-well and transfer the plate on ice to let it cool down 

for 2-3 min.  

2. Smear 200 µL of 2.2 mg/mL collagen Polymerization Solution on top of each coverslip. Try 

to cover the maximum surface of the coverslip. Be careful not to touch the edge to avoid 

collagen leaking out of the coverslip by capillarity.  

3. Aspirate most of the ungelled collagen solution, leaving a thin layer of collagen solution on 

top of the coverslip. 

4. Transfer the plate to a 37°C incubator, 1% CO2 for 150 s to start collagen polymerization.  

5. Remove the plate from the incubator and gently add 1 mL of PBS in order to hydrate the 

collagen gel and stop polymerization.  

6. Remove the PBS and gently add 1 mL of culture medium. Incubate the plate with the 

collagen-coated coverslips in the incubator while preparing the cell suspension. 

7. Prepare the MDA-MB-231 cell suspension (50,000 cells/mL). Aspirate the culture medium 

from the well containing the collagen-coated coverslip and gently add 1 mL of the cell 

suspension per well. 

8. Incubate at 37°C, 1% CO2 for the desired amount of time (typically 60 – 90 min). 

13.  

i. MatTek coating with collagen for 2D live-cell imaging 

1. Prepare a 2.2 mg/mL collagen Polymerization Solution as described in section 3.5.2. 

(fluorescently-labeled or not).  

1. Transfer a MatTek dish on ice and let it cool down for 2-3 min. 
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2. Spread 10 µL of 2.2 mg/mL collagen Polymerization Solution on the glass-bottom surface 

of the MatTek dish. Smear the collagen solution with the tip and make sure to touch the 

edge of the glass-bottom to allow the collagen gel to adhere better to the well.   

3. Transfer the MatTek dish to the incubator at 37°C, 5% CO2 for 150 s to start collagen 

polymerization.  

4. Remove the dish from the incubator and gently add 1 mL of PBS. 

5. Remove PBS and gently add 2 mL of culture medium. Place the MatTek dish in the 

incubator while preparing the cells.  

6. Prepare MDA-MB-231 cells stably expressing TKS5-GFP (or MDA-MB-231 cells 

transfected with a construct encoding an invadopodia marker such as dsRed-Cortactin, 

available on demand) (50,000 cells/mL in culture medium). Aspirate the culture medium 

from the collagen-coated MatTek dish and add 2 mL of the cell suspension. 

7. We recommend going straight to the microscope stage as cell adhesion to the collagen gel 

layer is very rapid.  

 

ii. Coverslip coating with a 3D collagen drop 

1. Add a 18 mm-diameter coverslip to a 12-wells plate. 

2. Prepare a 2.2 mg/mL collagen Polymerization Solution as described in section 3.5.2 

(fluorescently-labeled or not).  

3. Centrifuge the cell suspension and resuspend 10,000 cells in 40 µL of the 2.2 mg/mL 

collagen Polymerization Solution. Add a 40 µL drop of collagen containing the cells on each 

coverslip. 

4. Transfer the plate to a 37°C, 1% CO2 incubator for 30 min to induce polymerization.  

5. Add carefully 1 mL of culture medium in each well and incubate at 37°C, 1% CO2 for 16 - 

20 h (see Note 18). 

 

iii. MatTek coating with bilayered collagen sandwich for 3D assay 
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1. Prepare a 5 mg/mL collagen Polymerization Solution following the procedure described in 

section 3.5.2 using fluorescently-labeled or unlabeled collagen.  

2. Spread 10 µL of the 5 mg/mL collagen Polymerization Solution on the glass-bottom surface 

of a MatTek dish (as described in section 3.5.4) to prepare the collagen bottom layer. Let 

it polymerize for 150 s in a 37°C incubator (5% CO2). 

3. Then, gently add 2 mL of PBS to the well. 

4. Aspirate the PBS and add 2 mL of culture medium. Transfer the dish to the incubator while 

preparing the cells.  

5. Prepare MDA-MB-231 cells stably expressing TKS5-GFP (or MDA-MB-231 cells 

transfected with a construct encoding an invadopodia marker such as dsRed-Cortactin, 

available on demand) (50,000 cells/mL in culture medium). Allow cells to adhere to the 

collagen bottom layer for 30 min in a 37°C, 5% CO2 incubator.  

6. During this time, prepare a 2.2 mg/mL collagen Polymerization Solution as described in 

section 3.5.2. 

7. After adhesion of the cells to the bottom collagen layer, remove the culture medium and 

add 50 µL of the 2.2 mg/mL collagen Polymerization Solution on top of the bottom collagen 

layer with the seeded cells on top of it and allow polymerization of the upper collagen layer 

for 90 min at 37°C, 1% CO2 incubator. Cells will be sandwiched between a 5 mg/mL and a 

2.2 mg/mL collagen layer. 

8. Add 2 mL of culture medium for live-cell imaging to stimulate cell invasion. Incubate the 

plate for 60 min in the 37°C, 1% CO2 incubator before acquisition.  

 

b. Immunolabeling of invadopodia markers and collagen cleavage 

i. Immunolabeling of invadopodia markers in fixed cells 

All incubation periods should be performed in the dark to avoid bleaching of fluorescently-

labeled matrices along with secondary antibodies. 

 

1. Remove the plate(s) containing the coated coverslips from the incubator.  
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2. Aspirate the culture medium and wash cells once with 1 mL of PBS.  

3. Aspirate PBS and pre-permeabilize cells for 90 sc at 37°C in a water bath with 1 mL of pre-

heated 0.1% Triton X-100 (10 µL of Triton X-100 diluted in 1 mL of 4% PFA solution) (see 

Note 19). 

4. Discard 0.1% Triton X-100/4% PFA pre-permeabilization solution and add 1 mL of pre-

heated 4% PFA solution and incubate for 20 min in a 37°C water bath.  

5. Aspirate the 4% PFA solution and wash three times with 1 mL of PBS at RT. At this stage, 

the plate can be stored at 4°C or the immunofluorescence labeling can be performed as 

described below.  

6. Incubate coverslips in 1 mL of blocking buffer for 60 min at RT.  

7. To probe invadopodia, cells can be stained for TKS5 or cortactin, both proteins being 

widely used as specific invadopodia markers (see introduction section). Antibody sources 

and dilution conditions are described in Table 1 (see Note 20).   

8. Prepare the diluted primary antibodies in blocking buffer. Add 50 µL of diluted antibodies 

on a parafilm layer in a humidified chamber. Gently retrieve the coverslip from the well with 

precision tweezers and incubate on the antibody solution drop (cells facing down) for 60 

min at RT in the dark (or overnight at 4°C; see Table 1).  

9. Flip back and transfer the coverslip to the 12-well and wash three times in PBS (5 min 

each).  

10. Prepare the diluted secondary antibodies (references and working dilutions in Table 1). As 

the gelatin or collagen matrices are fluorescently-labeled (commonly Oregon Green488 

and Cy5, respectively), make sure to adapt the secondary antibody combination. Add a 50 

µL drop of diluted antibodies on a parafilm layer in a humidified chamber and place the 

coverslip cell facing down on top the drop. Incubate for 60 min at RT in the dark. 

11. Flip the coverslip back and transfer to the 12-well plate and wash three times in PBS (5 

min each).  

12. After a quick wash in distilled water, mount the coverslip (cells facing down) on a 

precleaned microscope glass slide using mounting medium. Keep the mounted glass 
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coverslips in the dark overnight at RT to let the mounting medium dry, before storing at 

4°C.  

13. Acquire images on a fluorescence microscope with the appropriate filters and imaging 

software (Figure 1). 

 

ii. Immunolabeling of MMP-cleaved collagen 

Proceed with step 1-6 from section 3.6.1. 

7. Prepare the diluted antibodies (usually Col1-3/4C and anti-cortactin for visualization of 

cleaved collagen and invadopodia, respectively) in blocking buffer (the reference and 

dilution factor used for rabbit polyclonal Col1-3/4C antibody are described in Table 1). 

Transfer a 50 µL drop of diluted antibodies to a parafilm layer in a humidified chamber. 

Place the coverslip on top of the antibody solution (cells facing down) for 2 h on ice.  

8. Flip the coverslip back and transfer to the 12-well plate and wash three times with cold 

PBS on ice for 10 min. 

9. Prepare the diluted anti-rabbit IgG CyTM3 and anti-mouse IgG Alexa FluorTM488 

secondary antibodies (references and working dilutions in Table 1).  

10. Add a 50 µL drop of diluted antibodies to a parafilm layer in a humidified chamber. 

Place the coverslip on top of the antibody solution (cells facing down) for 1 h on ice. 

11. Flip the coverslip back and transfer to the 12-well plate and wash three times with cold 

PBS on ice for 10 min. 

12. After a quick wash in distilled water, mount the coverslip (cells facing down) on a 

precleaned microscope glass slide using mounting medium. Keep the mounted glass 

coverslips in the dark overnight at RT to let the mounting medium dry, before storing at 

4°C. 

13. Acquire images on a fluorescence microscope with the appropriate filters and imaging 

software. 

 

c. Image acquisition and analysis 
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i. Image acquisition and analysis of gelatin degradation and invadopodia 

parameters 

1. To determine the percentage of degrading cells, image acquisitions should be done using 

a 63X objective. To determine the area of degradation per cell, imaging can be performed 

with a 63X or 100X objective. Use the same acquisition setups for image comparison. 

Acquire a z-stack.  

2. Gelatin degradation fields should be acquired in a non-biased way by scanning the 

coverslip based on TKS5 or cortactin staining. Select individual cells that are nicely spread 

and with good staining (Figure 1). Acquire a z-stack from the bottom to the top of the cell. 

To be unbiased, do not check the gelatin channel. To have statistical power, it is advised 

to acquire at least 15 images and/or 20 cells for each condition. Repeat the experiment at 

least three independent times.  

3. For analysis in ImageJ, open the GFP z-stack (corresponding to the gelatin channel) and 

select the gelatin and degradation plane. Apply an “Unsharp mask” with a radius of 5 pixels 

and a mask of 0.8 (“Process” → “Filters” → “Unsharp Mask”) and a “Mean” filter with a 

radius of 1 pixel (“Process” → “Filters” → “Mean…”). 

4. Use the threshold command of ImageJ (“Image” → “Adjust” → “Threshold…”) to highlight 

the degradation zones (black pixels). Then run Analyze Particles (“Analyze” → “Analyze 

Particles”). Be sure to check the “Summarize” checkbox.  

5. Calculate the degradation index by dividing the total area of degradation (found in the “Total 

Area” column of the “Summary” windows generated by the “Analyze Particles” command) 

by the number of nuclei present in the field. Plot the degradation index for the different 

conditions.  

6. For quantification of gelatin degradation and analysis of invadopodia number, size and 

distance to nucleus, semi-automated macros are available (see Supplemental files 3-5). 

14. Precise and unbiased delimitation of the gelatin degradation can be automatically 

performed using the NIS.AI tool from NIS Elements software, more precisely the Convert.AI 

module. The software training phase requires at least 50 annotated images and should be 
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conducted as follows: in ImageJ, manually create and save the degradation regions of 

interest (ROIs) as explained in steps 1-5. Then process z-stacks with the Extended Depth 

of Field (EDF) plug-in to obtain one picture focused on the gelatin plane (plugin available 

on ImageJ, direct method) (33). Train NIS.AI with the EDF pictures and the associated 

degradation ROIs. For the analysis phase, simply process the stacks with the EDF plug-

in. NIS.AI automatically detects degradation area and provides a 16-bits picture of the 

degraded gelatin. Back to ImageJ, get the area of the degraded zones using the 

AutoThreshold (Method: MaxEntropy dark) and Analyze Particle commands and measure 

the degradation index as previously described (degradation area/number of nuclei) (see 

Note 21).  

 

i. Live-cell imaging of invadopodia dynamics in cells plated on gelatin  

1. To monitor the dynamics of TKS5-positive invadopodia, it is recommended to use a 

confocal spinning disk microscope with a 63X or 100X oil-objective. If available, TIRF 

microscopy could be used to have a better definition of events occurring at the ventral 

plasma membrane.  

2. For acquisition settings, since gelatin is highly sensitive to light, and depending on the total 

time of the acquisition, we recommend acquiring the samples with a 1:10 ratio (i.e. one 

excitation of the gelatin channel for 10 illuminations of the TKS5 channel).  

3. Acquire 10 to 15 fields and one to two focal planes (if gelatin layer is not absolutely flat).  

4. The dynamics of gelatin degradation can be quantified by measuring the area of 

degradation per cell over time.  

5. Invadopodia dynamics can be quantified using the TrackMate ImageJ plugin. It is 

necessary to adjust the parameters of the plugin according to your objective, laser intensity 

and exposure time.  

15.  

i. Image acquisition and analysis of invadopodia formation and collagen cleavage 

on a 2D collagen layer 
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1. As mentioned in section 3.7.1 concerning gelatin degradation, for determination of the 

percentage of cells forming invadopodia and degrading collagen, image acquisition should 

be done using a 100X oil-objective (Figure 1).  

2. Images should be acquired in a non-biased way by scanning the coverslip using the 

cortactin channel. Select individual cells that are spread on collagen fibers and have a good 

staining. Acquire a z-stack from the bottom of the cell to the top. To have statistical power, 

it is advised to acquire at least 15 images and/or 20 cells for each condition. Repeat the 

experiment at least three independent times.  

3. For analysis and quantification in ImageJ, semi-automated macros are available 

(Supplemental file 2). Briefly, open the CyTM5 channel picture (corresponding to the 

collagen fibers) and select the plane of collagen fibers. Apply an “Unsharp mask” with a 

radius of 7 pixels and a mask of 0.8 (“Process” → “Filters” → “Unsharp Mask”) and a “Mean” 

filter with a radius of 1 pixel (“Process” → “Filters” → “Mean…”). This will create a mask of 

the collagen fibers. Then draw the cell contour. Using commands on ROIs toolbox, 

combine “collagen mask” with “cell contour” in order to create a mask of collagen fibers 

associated to each cell area. Open the TKS5 image and use the threshold command of 

ImageJ (“Image” → “Adjust” → “Threshold…”) to highlight TKS5-positive invadopodia. Run 

Analyze Particles (“Analyze” → “Analyze Particles”). Be sure to check the “Summarize” 

checkbox. The percentage of cell-associated collagen fibers positive for invadopodia is 

found in the “Summary” table.  

4. To determine the capacity of cells to cleave collagen fibers, image processing can be 

performed as described above (steps 1 and 2). Then, quantify the total degradation by cell. 

Briefly, segment the Col1-3/4C signal using a threshold command of ImageJ (“Image” → 

“Adjust” → “Threshold…”) to highlight Col1-3/4C-positive cleaved collagen. Then run 

Analyze Particles (“Analyze” → “Analyze Particles”). A collagen cleavage index per cell is 

then used to measured collagenolytic activity of cells. Semi-automated macros are 

available for quantification (Supplemental File 1). 
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ii. Image acquisition and analysis of cell invasion and collagen cleavage into a 3D 

collagen gel 

1. To determine the capacity of cells to form invadopodia and degrade collagen fibers in a 3D 

environment, we recommend using confocal microscopy or confocal spinning disk 

microscopy with a 63X oil-objective. A 40X oil-objective can be used for collagen cleavage, 

but the resolution will decrease.  

2. Image processing can be performed as described in section 3.6.3 (for 2D collagen-coated 

coverslips). However, when using a 40X and to some extent also a 63X objective, collagen 

mask is difficult to perform. Thus, we quantify the total degradation in the field and 

normalize to the number of nuclei present in that field. Briefly, segment the Col1-3/4C signal 

using a threshold command of ImageJ (“Image” → “Adjust” → “Threshold…”) to highlight 

Col1-3/4C-positive cleaved collagen. Then run Analyze Particles (“Analyze” → “Analyze 

Particles”). A collagen cleavage index per cell is then used to measure collagenolytic 

activity of cells. 

 

iii. Live-cell imaging of cells plated into 3D collagen gel and bilayered type-I collagen 

sandwich (3D assays) 

1. To measure TKS5-positive invadopodia dynamics into a bilayered type-I collagen 

sandwich, we recommend using confocal spinning disk microscopy with a long working 

distance (0.59 – 0.61 mm) 40X water immersion-objective (40X Nikon CFI Apo LWD 

Lambda S 40XC WI) (Figure 1). For the acquisition settings, as invadopodia formation and 

collagen remodeling are relatively dynamic processes occurring in 30 to 60 min following 

cell-matrix contact, we recommend using a time interval of 1 min between 2 successive 

time points.  

2. Since collagen coupled to a fluorophore is highly sensitive to light, and depending on the 

total time of the acquisition, we recommend acquiring the samples with a 1:3 ratio (i.e. 1 

picture of the collagen channel for 3 pictures of the TKS5 channel) and to not go beyond 

this 1:3 ratio.  
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3. Acquire 10 to 15 fields. We recommend acquiring a z-stack of at least three frames around 

collagen fibers where TKS5-positive invadopodia are found.  

4. Invadopodia dynamics (such as elongation rate measurement) can be quantified as 

described in Ferrari et al., 2019 (11). 

 

Notes 

1. Gelatin from pig skin, fluorescein conjugate, 5 mg (Ref. G13187 ThermoFisher Scientific 

Inc.) can also be used as an alternative, albeit that fluorescein is more sensitive to 

photobleaching and has a relatively broad fluorescence emission spectrum.  

2. Alternatively, non-labeled gelatin can be labeled with any other fluorophore of choice by 

following the procedure described in section 2.2.2. and 3.4.2. 

3. Diluted glutaraldehyde can be prepared in advance and stored at -20°C.  

4. Cell lines overexpressing invadopodia components (TKS5, MT1-MMP) are highly 

degradative. Thus, it is recommended to use 50 µg/mL of poly-L-lysine.  

5. The centrifugation should spin down non-dissolved gelatin chunks. If dissolution is 

complete, then the pellet should be invisible.  

6. Be careful during coverslip handling not to drop them or flip upside down. The gelatin-

coated side of the coverslip is not easy to distinguish from the non-coated side. 

7. Sodium borohydride is a carcinogenic, mutagenic and reprotoxic (CMR) substance that 

must be handled with extreme caution.  

8. As sodium borohydride is an effervescent solution, it will create air bubbles which could 

make coverslips float to the surface. Make sure to submerge the coverslips again using a 

yellow tip of a pipette. 

9. Cell number is calculated for MDA-MB-231 cells. If using other cell types with different cell 

size, adjust the number of cells if required.  

10. Seeding time on gelatin may be cell line dependent and should be adjusted accordingly. 

11. The thickness of the crosslinked gelatin coat obtained using this procedure is typically 50–

100 nm, as estimated by electron microscopy analysis (9,16,19). Therefore, this assay is 
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suitable for measurement of gelatin degradation but does not provide any information 

regarding the cell/membrane protrusive activity. 

12. It is recommended to prepare neutralizing and carbonate buffers on the day when labeling 

is performed.  

13. Rat tail tendon type-I collagen concentration is batch-dependent and can vary. In case of 

consequent variation, adapt the quantity of buffer used. 

14. The carbonate buffer is kept at 4°C and pre-warmed at room temperature before use to 

dissolve precipitates. 

15. If the collagen is difficult to dissolve, add a drop of 1 M HCl. Make sure pH is always ~2. 

Keep the collagen solution in a glass bottle at 4°C. The solution can be shelved for up to 6 

months. 

16. As 800 µL of collagen solution will be mixed with 180 µL of Polymerization Buffer, this will 

change the desired final concentration (in our case, 2.2 mg/mL). Thus, we recommend 

preparing an intermediate solution of collagen (in our case, at 2.6 mg/mL) by diluting stock 

collagen solution with sterile water in order to reach this 2.6 mg/mL concentration. 

17. If necessary, at this step, add drugs to the collagen polymerization solution (i.e. protease 

inhibitor GM6001) or vehicle at working concentration (see Table 1).  

18. Make sure to add the culture medium gently to avoid detaching the polymerized collagen 

drop.  

19. Since pre-permeabilization step is short, it is better to use pre-heated permeabilization 

solution.  

20. Novus anti-TKS5 antibodies work well for Western Blot and immunofluorescence analysis 

(gelatin and collagen) but the quality of staining is batch-dependent. CST antibodies work 

well for Western Blot analysis. For immunofluorescence staining using a collagen matrix, 

we advise to perform overnight incubation at 4°C. Note that this antibody gives a strong 

nuclear background signal. 

21. A macro which automatizes this process is available on demand to the authors.  
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Figure 1. Invadopodia formation on different collagen matrices by breast cancer cells  

 

Figure Legend: MDA-MB-231 cells expressing TKS5GFP (green) plated on fluorescently-

labeled matrix (magenta). Matrix is gelatin in the left panel and 2D or 3D fibrillar type I collagen 

in the right panel. Higher magnification of the boxed region and schematic representation is 

shown in the insets. Dotted line, cell contour. The strengths and weaknesses of each matrix 

are listed.   
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Table 1. Antibodies used to probe invadopodia formation and collagen cleavage. 

Antigen/Antibody 

ID 

Company 

(Reference) 

Species Dilution Comments 

TKS5 
Novus Biologicals 

(NBP1-90454) 
Rabbit 1/100 

Efficiency is batch dependent.  

Works by immunostaining  

(60 min incubation, RT) 

TKS5 
Cell Signaling  

(16619) 
Rabbit 1/100 

Requires overnight incubation 

at 4°C. Produces unspecific 

nuclear background. Does not 

work in gelatin assay. 

Cortactin 
Merck 

(05-180-I) 
Mouse 1/100 

Does not work if cells are not 

pre-permeabilized 

Col1-3/4C 

Immunoglobe 

GmbH 

(0217-050) 

Rabbit 1/100 
May generate unspecific 

nuclear background 

GFP 
Abcam 

(ab13970) 
Chicken 1/500 Works well 

Anti-Chicken 

Secondary Ab 

Molecular Probes  

(A11039) 
Goat 1/300 Works well 

  

 

Table 2. siRNAs and drugs used to probe invadopodia formation and collagen cleavage. 

siRNA ID Company 

Non-targeting 

(NT) 

Dharmacon 

(D-001810-01-20) 

MMP14 

(MT1-MMP) 

Dharmacon 

(L-004145-00-0005) 

SH3PXD2A (TKS5) 
Dharmacon 

(L-006657-00-0005) 

  

Pharmacological inhibitor Company 

GM6001 

(MMP Inhibitor) 

Merck  

(CC1100) 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ABSTRACT 

Metastases are the leading cause of cancer-related death. The formation of metastases involves 

the dissemination of cancer cells through the extracellular matrices (ECM). This cell migration 

requires the proteolysis of the ECM by the transmembrane metalloprotease MT1-MMP which is 

concentrated in actin structures: the invadopodia. However, the mechanisms of regulation of 

invadopodia by the tumor microenvironment are poorly understood. In some cancers, nutrient 

supply is limited, which influences the mTORC1 signaling pathway that controls cellular 

metabolism. Cells starved of amino acids (AA) survive and proliferate by using ECM fragments as 

an alternative nutrient source. However, the mechanisms underlying the production of these 

fragments remain unknown. During my Ph.D., I showed that the repression of mTORC1 by AA 

deficiency or by pharmacological inhibition strongly stimulates the degradation of ECM. 

Furthermore, I sought to elucidate the molecular mechanisms by which mTORC1 signaling controls 

invadopodia and I showed that the repression of mTORC1 activates its substrate Transcription 

Factor EB (EB) which transcriptionally stimulates the exocytosis of MT1-MMP at invadopodia. 

Subsequently, ECM degradation is increased and promotes invasion of breast cancer patient-

derived xenografts. Our results highlight the potential downfalls of inhibitors of mTORC1 used in 

breast cancer therapies as they could unleash a powerful invadopodia-based dissemination 

program. 
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RÉSUMÉ 

Les métastases sont la principale cause de décès liés aux cancers. La formation de métastases 

implique une dissémination des cellules cancéreuses à travers les matrices extracellulaires (MEC). 

Cette migration cellulaire requiert la protéolyse de la MEC par la métalloprotéase 

transmembranaire MT1-MMP qui est concentrée dans des structures d’actine, les invadopodes. 

Toutefois, les mécanismes de régulation des invadopodes par le microenvironnement tumoral sont 

mal connus. Dans certains cancers, l’apport en nutriments est limité, ce qui influence la voie de 

signalisation mTORC1 qui contrôle le métabolisme cellulaire. Les cellules carencées en acides 

aminés (AA) survivent et prolifèrent en utilisant des fragments de la MEC comme source nutritive 

alternative. Néanmoins, les mécanismes de production de ces fragments restent inconnus. 

Pendant ma thèse, j’ai montré que la répression de mTORC1 par la carence en AA ou par inhibition 

pharmacologique stimule fortement la dégradation de la MEC. Je me suis intéressé aux 

mécanismes moléculaires du contrôle des invadopodes par mTORC1 et j’ai montré que la 

répression de mTORC1 active son substrat Transcription Factor EB (EB) qui stimule de façon 

transcriptionnelle l’exocytose de MT1-MMP au niveau des invadopodes. L’enrichissement de MT1-

MMP au niveau des invadopodes stimule la dégradation de la MEC et l’invasion des cellules de 

xénogreffes dérivées de cancer du sein de patientes. Nos résultats mettent en lumière les 

potentielles retombées de l’utilisation des inhibiteurs de mTOR en thérapie antitumorale, car cette 

inhibition pourrait favoriser la formation de métastases dans les cancers du sein. 
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