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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.

Acknowledgements
The authors thank G. Martin for expert technical expertise and Drs. M.
Pende, H. Stenmark, C. Raiborg, and S. J. Weiss and members of P.C. lab
for helpful comments during the preparation of this manuscript. C.C. was
supported by a grant from the Cancéropôle Région Ile-de-France (2016-2-
APD-04-ICR-1) to P.C. This work was supported by a donation from Mr.
T. Paulsen (InvaCell Project), by Fondation ARC pour la Recherche contre
le Cancer (PGA1 RF20170205408) and Fondation Ruban Rose (Prix Avenir
2018) and by institutional support from Institut Curie and Centre National
pour la Recherche Scientifique to P.C. The funders had no role in study
design, data collection and analysis, decision to publish or preparation of
the manuscript. The experimental protocol and animal housing were in
accordance with institutional guidelines and with the recommendations
of the French Ethics Committee (Agreement B75-05-18, France).

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
C.C. and D.R. contributed equally to this work. C.C. and D.R.: con-
ceptualization, investigation, methodology, validation, formal analysis,
manuscript editing. S.A-B., P.M., and N.E.: methodology, investigation,
validation, analysis. A.-S.M.: image processing and analysis. M.F., A.D.,
and E.M.: methodology. G.M.: supervision of TIRF-M analysis. E.M.: super-
vision of PDX experiments. P.C.: conceived the study, conceptualization,
validation, visualization, drafting of the manuscript, funding acquisition,
supervision, and project administration.

Data Availability Statement
Data available on request from the authors.

Keywords
breast cancer, clathrin-mediated endocytosis, extracellular matrix, in-
vadopodia, MT1-MMP, mTOR, starvation

Received: April 20, 2021
Revised: June 7, 2021

Published online:

[1] D. Hanahan, R. A. Weinberg, Cell 2011, 144, 646.
[2] B. T. Finicle, V. Jayashankar, A. L. Edinger, Nat. Rev. Cancer 2018, 18,

619.
[3] C. Commisso, S. M. Davidson, R. G. Soydaner-Azeloglu, S. J. Parker,

J. J. Kamphorst, S. Hackett, E. Grabocka, M. Nofal, J. A. Drebin, C. B.
Thompson, J. D. Rabinowitz, C. M. Metallo, M. G. Vander Heiden, D.
Bar-Sagi, Nature 2013, 497, 633.

[4] J. J. Kamphorst, M. Nofal, C. Commisso, S. R. Hackett, W. Lu, E.
Grabocka, M. G. Vander Heiden, G. Miller, J. A. Drebin, D. Bar-Sagi,
C. B. Thompson, J. D. Rabinowitz, Cancer Res. 2015, 75, 544.

[5] M. Nofal, K. Zhang, S. Han, J. D. Rabinowitz, Mol. Cell 2017, 67, 936.
[6] M. V. Recouvreux, C. Commisso, Front. Endocrinol. 2017, 8, 261.
[7] M. Nazemi, E. Rainero, Front. Oncol. 2020, 10, 239.
[8] M. W. Pickup, J. K. Mouw, V. M. Weaver, EMBO Rep. 2014, 15, 1243.
[9] E. Rainero, J. D. Howe, P. T. Caswell, N. B. Jamieson, K. Anderson, D.

R. Critchley, L. Machesky, J. C. Norman, Cell Rep. 2015, 10, 398.
[10] O. Olivares, J. R. Mayers, V. Gouirand, M. E. Torrence, T. Gicquel,

L. Borge, S. Lac, J. Roques, M. N. Lavaut, P. Berthezene, M. Rubis,
V. Secq, S. Garcia, V. Moutardier, D. Lombardo, J. L. Iovanna, R.
Tomasini, F. Guillaumond, M. G. Vander Heiden, S. Vasseur, Nat.
Commun. 2017, 8, 16031

[11] S. M. Davidson, O. Jonas, M. A. Keibler, H. W. Hou, A. Luengo, J. R.
Mayers, J. Wyckoff, A. M. Del Rosario, M. Whitman, C. R. Chin, K. J.
Condon, A. Lammers, K. A. Kellersberger, B. K. Stall, G. Stephanopou-
los, D. Bar-Sagi, J. Han, J. D. Rabinowitz, M. J. Cima, R. Langer, M.
G. Vander Heiden, Nat. Med. 2017, 23, 235.

[12] T. Muranen, M. P. Iwanicki, N. L. Curry, J. Hwang, C. D. DuBois, J. L.
Coloff, D. S. Hitchcock, C. B. Clish, J. S. Brugge, N. Y. Kalaany, Nat.
Commun. 2017, 8, 13989.

[13] B. A. Morris, B. Burkel, S. M. Ponik, J. Fan, J. S. Condeelis, J. A. Aguirre-
Ghiso, J. Castracane, J. M. Denu, P. J. Keely, EBioMedicine 2016, 13,
146.

[14] G. Y. Liu, D. M. Sabatini, Nat. Rev. Mol. Cell Biol. 2020, 21, 183.
[15] X. F. Ding, L. F. Li, X. L. Zhou, L. N. Guo, M. M. Dou, Y. Y. Chi, S. X.

Wu, Y. N. Zhang, Z. Z. Shan, Y. J. Zhang, F. Wang, Q. X. Fan, J. Zhao,
T. W. Sun, PLoS One 2017, 12, e0170302.

[16] D. Mossmann, S. Park, M. N. Hall, Nat. Rev. Cancer 2018, 18, 744.
[17] D. A. Murphy, S. A. Courtneidge, Nat. Rev. Mol. Cell Biol. 2011, 12,

413.
[18] F. Sabeh, R. Shimizu-Hirota, S. J. Weiss, J. Cell Biol. 2009, 185, 11.
[19] E. Infante, A. Castagnino, R. Ferrari, P. Monteiro, S. Aguera-Gonzalez,

P. Paul-Gilloteaux, M. J. Domingues, P. Maiuri, M. Raab, C. M. Shana-
han, A. Baffet, M. Piel, E. R. Gomes, P. Chavrier, Nat. Commun. 2018,
9, 2443.

[20] R. Ferrari, G. Martin, O. Tagit, A. Guichard, A. Cambi, R. Voituriez, S.
Vassilopoulos, P. Chavrier, Nat. Commun. 2019, 10, 4886.

[21] D. F. Seals, E. F. Azucena Jr., I. Pass, L. Tesfay, R. Gordon, M.
Woodrow, J. H. Resau, S. A. Courtneidge, Cancer Cell 2005, 7, 155.

Adv. Sci. 2021, 2101614 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2101614 (9 of 10)



www.advancedsciencenews.com www.advancedscience.com

[22] V. P. Sharma, R. Eddy, D. Entenberg, M. Kai, F. B. Gertler, J. Condeelis,
Curr. Biol. 2013, 23, 2079.

[23] A. Zagryazhskaya-Masson, P. Monteiro, A. S. Mace, A. Castagnino, R.
Ferrari, E. Infante, A. Duperray-Susini, F. Dingli, A. Lanyi, D. Loew, E.
Genot, P. Chavrier, J. Cell Biol. 2020, 219, e201910132.

[24] T. Hayakawa, K. Yamashita, E. Ohuchi, A. Shinagawa, J. Cell Sci. 1994,
107, 2373.

[25] A. Bruna, O. M. Rueda, W. Greenwood, A. S. Batra, M. Callari, R.
N. Batra, K. Pogrebniak, J. Sandoval, J. W. Cassidy, A. Tufegdzic-
Vidakovic, S. J. Sammut, L. Jones, E. Provenzano, R. Baird, P. Eirew,
J. Hadfield, M. Eldridge, A. McLaren-Douglas, A. Barthorpe, H. Light-
foot, M. J. O’Connor, J. Gray, J. Cortes, J. Baselga, E. Marangoni, A. L.
Welm, S. Aparicio, V. Serra, M. J. Garnett, C. Caldas, Cell 2016, 167,
260.

[26] F. Coussy, L. de Koning, M. Lavigne, V. Bernard, B. Ouine, A. Boulai,
R. El Botty, A. Dahmani, E. Montaudon, F. Assayag, L. Morisset, L.
Huguet, L. Sourd, P. Painsec, C. Callens, S. Chateau-Joubert, J. L.
Servely, T. Larcher, C. Reyes, E. Girard, G. Pierron, C. Laurent, S.
Vacher, S. Baulande, S. Melaabi, A. Vincent-Salomon, D. Gentien, V.
Dieras, I. Bieche, E. Marangoni, Int. J. Cancer 2019, 145, 1902.

[27] W. Palm, Y. Park, K. Wright, N. N. Pavlova, D. A. Tuveson, C. B.
Thompson, Cell 2015, 162, 259.

[28] X. Liu, D. Ghosh, Int. J. Nanomed. 2019, 14, 6589.
[29] V. Jayashankar, A. L. Edinger, Nat. Commun. 2020, 11, 1121
[30] C. Demetriades, N. Doumpas, A. A. Teleman, Cell 2014, 156, 786.
[31] X. Wen, D. J. Klionsky, Semin. Cancer Biol. 2020, 66, 3.

[32] V. Marchesin, A. Castro-Castro, C. Lodillinsky, A. Castagnino, J. Cyrta,
H. Bonsang-Kitzis, L. Fuhrmann, M. Irondelle, E. Infante, G. Mon-
tagnac, F. Reyal, A. Vincent-Salomon, P. Chavrier, J. Cell Biol. 2015,
211, 339.

[33] R. Poincloux, F. Lizarraga, P. Chavrier, J. Cell Sci. 2009, 122, 3015.
[34] F. Nakatsu, R. M. Perera, L. Lucast, R. Zoncu, J. Domin, F. B. Gertler,

D. Toomre, P. De Camilli, J. Cell Biol. 2010, 190, 307.
[35] M. J. Taylor, D. Perrais, C. J. Merrifield, PLoS Biol. 2011, 9, e1000604.
[36] P. Saini, S. A. Courtneidge, J. Cell Sci. 2018, 131, jcs203661.
[37] E. Dalaka, N. M. Kronenberg, P. Liehm, J. E. Segall, M. B. Prystowsky,

M. C. Gather, Sci. Adv. 2020, 6, eaax6912.
[38] N. Elkhatib, E. Bresteau, F. Baschieri, A. L. Rioja, G. van Niel, S. Vas-

silopoulos, G. Montagnac, Science 2017, 356, eaal4713.
[39] C. Hinze, E. Boucrot, Biochem. Soc. Trans. 2018, 46, 565.
[40] L. Pelkmans, E. Fava, H. Grabner, M. Hannus, B. Habermann, E.

Krausz, M. Zerial, Nature 2005, 436, 78.
[41] K. M. Hennig, J. Colombani, T. P. Neufeld, J. Cell Biol. 2006, 173, 963.
[42] E. M. Gleixner, G. Canaud, T. Hermle, M. C. Guida, O. Kretz, M. Helm-

stadter, T. B. Huber, S. Eimer, F. Terzi, M. Simons, Cell Rep. 2014, 8,
10.

[43] F. Grahammer, S. K. Ramakrishnan, M. M. Rinschen, A. A. Larionov,
M. Syed, H. Khatib, M. Roerden, J. O. Sass, M. Helmstaedter, D. Os-
enberg, L. Kuhne, O. Kretz, N. Wanner, F. Jouret, T. Benzing, F. Artunc,
T. B. Huber, F. Theilig, J. Am. Soc. Nephrol. 2017, 28, 230.

[44] R. K. Srivastava, C. Li, J. Khan, N. S. Banerjee, L. T. Chow, M. Athar,
Proc. Natl. Acad. Sci. USA 2019, 116, 24583.

Adv. Sci. 2021, 2101614 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2101614 (10 of 10)


