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METHODS AND RESOURCES

Novel kinase regulators of extracellular matrix
internalisation identified by high-content
screening modulate invasive carcinoma cell
migration

Montserrat Llanses Martinez'2, Kegian Nan'®, Zhe Bao'®, Rachele Bacchetti’,
Shengnan Yuan', Joe Tyler', Xavier Le Guezennec?, Frederic A. Bard?3,
Elena Rainero®'*

1 School of Biosciences, University of Sheffield, Western Bank, Sheffield, United Kingdom, 2 Institute of
Molecular and Cell Biology, Singapore, Singapore, 3 Centre de Recherche en Cancérologie de Marseille,
CRCM, Marseille, France

® These authors contributed equally to this work.
* e.rainero @sheffield.ac.uk

Abstract

The interaction between cancer cells and the extracellular matrix (ECM) plays a pivotal role
in tumour progression. While the extracellular degradation of ECM proteins has been well
characterised, ECM endocytosis and its impact on cancer cell progression, migration, and
metastasis is poorly understood. ECM internalisation is increased in invasive breast cancer
cells, suggesting it may support invasiveness. However, current high-throughput
approaches mainly focus on cells grown on plastic in 2D, making it difficult to apply these to
the study of ECM dynamics. Here, we developed a high-content screening assay to study
ECM uptake, based on the of use automated ECM coating for the generation of highly
homogeneous ECM a pH-sensitive dye to image ECM trafficking in live cells. We identified
that mitogen-activated protein kinase (MAPK) family members, MAP3K1 and MAPK11
(p38B), and the protein phosphatase 2 (PP2) subunit PPP2R1A were required for the inter-
nalisation of ECM-bound a2B1 integrin. Mechanistically, we show that down-regulation of
the sodium/proton exchanger 1 (NHE1), an established macropinocytosis regulator and a
target of p38, mediated ECM macropinocytosis. Moreover, disruption of a2 integrin,
MAP3K1, MAPK11, PPP2R1A, and NHE1-mediated ECM internalisation significantly
impaired cancer cell migration and invasion in 2D and 3D culture systems. Of note, integrin-
bound ECM was targeted for lysosomal degradation, which was required for cell migration
on cell-derived matrices. Finally, a2B1 integrin and MAP3K1 expression were significantly
up-regulated in pancreatic tumours and correlated with poor prognosis in pancreatic cancer
patients. Strikingly, MAP3K1, MAPK11, PPP2R1A, and a2 integrin expression were higher
in chemotherapy-resistant tumours in breast cancer patients. Our results identified the a231
integrin/p38 signalling axis as a novel regulator of ECM endocytosis, which drives invasive
migration and tumour progression, demonstrating that our high-content screening approach
has the capability of identifying novel regulators of cancer cell invasion.
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Introduction

The extracellular matrix (ECM) is a noncellular 3D structure that surrounds cells and organs
in vivo. Depending on its organisation, it is classified into basement membrane and interstitial
matrix. ECM dynamics are tightly regulated in morphogenesis, differentiation, and tissue
homeostasis; therefore, dysregulations in ECM remodelling are associated with pathological
conditions, including fibrosis and tumour progression. Cells engage with the ECM through
the heterodimeric integrin receptors, which are composed of an o and a  subunit and activate
diverse pro-survival signal transduction pathways [1,2]. However, the ECM may simulta-
neously pose a physical constraint for cancer cell invasion and tumour initiation [3,4]. Asa
result, ECM degradation accompanies tumour progression. Our lab has recently shown that
ECM internalisation supports proliferation of breast cancer cells under amino acid starvation
by promoting tyrosine metabolism, through a mechanism that requires ECM macropinocyto-
sis, followed by lysosomal degradation [5]. However, the signalling regulators controlling
ECM endocytosis are poorly understood.

02P1 integrin is the major collagen I receptor and is expressed in epithelial cells, platelets,
and fibroblasts, among other cell types [6]. 021 integrin mediates the reorganisation and con-
traction of collagen matrices in fibroblasts [7]. In addition, 021 integrin has been shown to
regulate melanoma and pancreatic carcinoma cell migration [8,9], as well as bone metastatic
dissemination of prostate and breast cancer cells [10,11]. However, the mechanisms underly-
ing 02P1 integrin-mediated cancer cell invasive migration have not been elucidated. Integrin/
ECM binding triggers the activation of several signalling pathways, including the mitogen-acti-
vated protein kinase (MAPK) pathway. In mammalian cells, there are 4 distinct MAPK signal-
ling pathways according to the terminal tier kinase: extracellular signal-regulated kinase (ERK)
1/2, c-Jun N-terminal Kinase (JNK) 1/2/3, p38 and ERK5 [12,13]. p38 MAPK is a family of 4
serine/threonine-specific protein kinases: p38c. or MAPK14, p38p or MAPK11, p38y or
MAPK12, and p385 or MAPK13 [14]. p38a and p38p are ubiquitously expressed and share
75% amino acid sequence homology [14]. p38 MAPK plays an important role in cell prolifera-
tion, differentiation, stress responses, autophagy, and cell migration, among other biological
processes [14].

A deep comprehension of how cancer cells interact with the ECM is essential to understand
tumour growth and metastasis. Here, we showed that ECM internalisation was up-regulated
in primary cancer cells extracted from a polyoma middle T (PyMT)-driven mouse model of
breast cancer, compared to non-transformed mammary epithelial cells and ECM components
were trafficked through EEA1-positive early endosomes and delivered to the lysosomes, where
the ECM is targeted for degradation. Through a kinase and phosphatase functional screen, we
identified MAP3K1, MAPK11, and PPP2R1A as novel regulators of the macropinocytosis of
ECM components, which we defined as being mediated by 0:2p1 integrin and the Na+/H
+ Antiporter, Amiloride-Sensitive (NHE1). Interestingly, invasive breast cancer cells were
shown to internalise ECM as they migrated on cell-derived matrices (CDMs) and blocking
ECM uptake impaired the invasive migration of breast, pancreatic, and ovarian cancer cells,
both in 2D and 3D culture systems. Finally, 021 integrin and MAP3K1 were significantly up-
regulated in pancreatic tumours compared to healthy tissue and high expression of these genes
correlated with reduced survival of pancreatic cancer patients. Remarkably, chemotherapy-
resistant breast tumours showed higher mRNA expression levels of MAP3K1, MAPK11,
PPP2RI1A, and o2 integrin. Altogether, we identified a novel signalling pathway linking ECM
macropinocytosis, degradation, and invasive migration in different cancer types, which could
potentially be exploited for the generation of novel therapeutic interventions to prevent meta-
static dissemination.
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Results

A kinase and phosphatase screen identifies MAPK signalling cascade as a
novel regulator of Matrigel internalisation in breast cancer cells

Polyoma middle T oncogene expression under the mammary epithelial MMTV promoter con-
stitutes a widely used mouse model of breast cancer that recapitulates many aspects of the
human disease [15,16]. To assess whether ECM endocytosis is up-regulated in primary breast
cancer cells, NMuMG cells, derived from normal mouse mammary glands, and PyMT#1 cells,
generated from MMTV-PyMT tumours [15], were seeded on fluorescently labelled Matrigel, a
basement-membrane formulation, and CDM, generated by telomerase-immortalised human
fibroblasts. It is widely established that, following endocytosis, the ECM is degraded in the
lysosomes [17]. Therefore, to prevent lysosomal degradation and discern between changes that
could be due to altered ECM degradation rather than endocytosis, cells were treated with a cys-
teine-cathepsin lysosomal inhibitor, E64d [5,18]. Internalisation of Matrigel was up-regulated
in PyMT#1 cells compared to NMuMG cells, both in the presence and the absence of E64d
(S1A Fig). Similarly, CDM internalisation was significantly higher in PyMT#1 cells in the pres-
ence of E64d (S1B Fig). Conversely, E64d did not increase internalisation of CDM in
NMuMG, suggesting that CDM lysosomal degradation is specifically triggered in invasive
breast cancer cells (S1B Fig). These data indicate that ECM internalisation and degradation is
higher in invasive breast cancer cells, in agreement with our previous results showing that
internalisation of collagen I and CDM was increased in the invasive and metastatic
MCF10CAL1 cells compared to non-transformed MCF10A and non-invasive MCF10-DCIS
cells [5].

To determine the trafficking pathway followed by ECM components, we measured Matrigel
colocalisation with an early endosomal marker, EEA1, and a late endosomal/lysosomal
marker, LAMP2, in MDA-MB-231 triple-negative breast cancer cells. Matrigel colocalisation
with EEA1 progressively decreased over time, with the strongest colocalisation observed 3 h
after seeding the cells, as indicated by the colocalisation map (S1C Fig). In contrast, Matrigel
colocalisation with LAMP2 increased over time and reached a strong colocalisation after 12 h
(S1D Fig). These data indicate that Matrigel is first delivered to early endosomes and subse-
quently to lysosomes for degradation. The endosomal-lysosomal system creates an enclosed
environment which is progressively acidified as cargos are transported towards the lysosomes
[19]. This difference in pH can be exploited to specifically visualise cargos within the endoso-
mal system, by using pH-sensitive dyes. MDA-MB-231 cells were seeded on collagen I labelled
with NHS-fluorescein and a pH-sensitive dye, pHrodo, which fluorescence increases as the
endosomal compartment is acidified [20,21]. Using time-lapse microscopy, we showed that as
collagen I is internalised, there is a progressive increase in the intensity of pHrodo, while the
NHS-fluorescein signal is slightly decreased, consistent with the quenching of the green fluo-
rescence in acidic environments [22] (S1 Video and S1E Fig). These data indicated that fol-
lowing endocytosis, endosomes are rapidly acidified (in about 12 min) and thus pHrodo is a
reliable dye for dissecting ECM uptake mechanisms.

To identify the signalling pathways responsible for controlling ECM uptake, we screened
an siRNA library targeting 948 protein kinases and phosphatases [23]. MDA-MB-231 cells
were knocked down for 72 h, transferred and seeded on pHrodo-labelled Matrigel for 6 h,
stained with a nuclear dye and imaged live (Fig 1A). ECM uptake was normalised between the
non-targeting (NT) and NT in presence of bafilomycin Al, a V-ATPase inhibitor that prevents
lysosomal acidification, as a positive control (Figs 1B, 1C, S2A, and S2B and S1 Table). More-
over, we observed a good correlation between replicates, with R* = 0.6219 (S2C Fig). Since we
previously showed that p21-activated kinase 1 (PAK1) was required for ECM macropinocytosis
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Fig 1. A kinome and phosphatome screen identified MAP3K1 and PPP2R1A as positive regulators of matrigel
internalisation in MDA-MB-231 cells. (a) Screen schematic representation, 3,000 MDA-MB-231 cells were transfected,
transferred into pH-rodo labelled 0.5 mg/ml matrigel, incubated for 6 h and labelled with 1 pg/ml Hoechst for nuclear staining.
Cell imaging was carried out with an Opera phenix microscope (40x objective). Columbus software was used for image analysis.
(b) Normalised cloud plot analysis from replicate 1, positive regulator hits are in orange, negative hits in green. (c) First derivative
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of the curve for hit threshold for replicate 1. (d) Representative images from positive regulators in the screen, MAP3K1 and
PPP2RI1A. Scale bar, 20 um. (e) Normalised cell data quantification for MAP3K1 and PPP2R1A. Data are presented as the
normalised mean + SD; N = 3 independent replicates. ****p < 0.0001; Kruskal-Wallis test. (f) Heatmap of kinome and
phosphatome siRNA deconvolution. N = 2 technical replicates, N = 2 biological replicates per individual siRNA. Orange stars
identified validated positive regulators, green stars validated negative regulators. (g) Representative images of the deconvoluted
siRNA for MAP3K1 and PPP2R1A. All the raw data associated with this figure are available in S1 Data.

https://doi.org/10.1371/journal.pbio.3002930.9001

[5], PAK1 was included as an additional positive control. It was reassuring that PAK1 knockdown
(S2G Fig) consistently reduced Matrigel uptake in the screen (S2D and S2E Fig). To control for
transfection and silencing efficacy, we knocked down B1-integrin across different plates in the
screen. Upon knockdown, B1-integrin intensity was significantly reduced, indicating successful
protein knockdown upon siRNA transfection (S2F Fig). The Z-factor (Z’) provides insight into
the quality of a high-throughput assay (where 1.0 > Z > 0.5 indicates an excellent assay and

0.5 > Z > 0 is considered a marginal assay) [24]. The Z’ robust and Z’ standard calculated were
respectively 0.6 and 0.694, indicating the high quality of the assay (S2H Fig).

We utilised Reactome [25] to assess the enrichment for biological pathways in the positive
and negative regulators identified by the screen, and enriched pathways included negative reg-
ulation of MAPK signalling pathway (p-value: 2.68E-05) and MAPK signalling cascades (p-
value: 3.23E-04; S2 Table). MAP3K1 and PPP2R1A were top positive regulators in the screen
(Fig 1D and 1E). COPB2 knockdown, despite resulting in a strong inhibition in ECM uptake,
was not considered further as it was associated with high levels of cell toxicity. MAP3K1 pro-
motes ERK1/2, JNK and p38 activation under distinct stimuli [26,27], while protein phospha-
tase 2 scaffold subunit o. (PPP2R1A) is the regulatory subunit of protein phosphatase 2 A
(PP2A) [28]. Consistent with the pathway analysis, we explored additional siRNA targets rele-
vant for MAPK pathway and checked Matrigel uptake upon ERK1/2 (MAPK3 and MAPK1),
JNK1/2/3 (MAPKS8-10), and p38 (MAPK 11-14) knockdown in the screen. Only MAPK11
(p38P) consistently reduced Matrigel internalisation (S2I and S2J Fig), suggesting that
MAPKI11 signalling is important in this process.

To validate our hits, we performed a secondary screen for 45 common hits obtained
between replicates. The pooled siRNAs for each gene were deconvoluted into 4 individual siR-
NAs (S3 Table). We considered it an on target hit if 2 out of 4 siRNAs reduced or increased
Matrigel uptake. Based on siPAK1, a 30% reduction or increase compared to NT was used as a
cut-off to confirm positive or negative regulators. According to this criterion, 19 genes were
validated, among them MAP3K1 and PPP2R1A (Fig 1F and 1G). As in the primary screen,
knocking down COPB2 strongly reduced both Matrigel uptake index and cell count, indicat-
ing cell toxicity. While the individual siRNAs against the positive regulators gave consistent
results, this was not the case for most of the negative regulators (on-target hits marked by a
green star in Fig 1F). Therefore, we focused on the positive regulators of ECM uptake, includ-
ing MAP3K1, MAPK11, and PPP2RIA.

PP2A is composed of the “C” catalytic subunit, the “B” regulatory subunit, which confers
target specificity [29], and the “A” scaffold subunit (S3A Fig). The scaffold subunit is encoded
by PPP2R1A and PPP2R1B. The former constitutes the PP2A complex in 90% of assemblies
[30]. In phosphoproteomic studies, knocking down PPP2R1A has been used to inhibit the
whole PP2A phosphatase complex in HelLa cells [31]. At this point, we sought to discern
whether other subunits modulated the process in the original screen (S3B Fig) and found that
only the “C” subunit PPP2CA reduced Matrigel uptake by 25%, maybe due to possible func-
tional redundancies between subunits [32]. Actin polymerisation by the WAVE complex
drives macropinocytosis [33] and PPP2R1A was described to form part of the WAVE shell
complex, regulating actin polymerisation in a phosphatase activity-independent manner [34].
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To discern whether PPP2R1A regulated ECM internalisation through its phosphatase activity
or via the regulation of actin polymerisation, we assessed collagen I uptake in the presence of
okadaic acid, a PP2A inhibitor [35,36], and found that 50 nM okadaic acid significantly
reduced collagen I internalisation after 6 h treatment (S3C Fig), suggesting that the phospha-
tase function of PPP2R1A regulated ECM uptake. High concentrations of okadaic acid (100-
500 nM) have been shown to promote morphological changes, including cell detachment [37].
To rule out that the inhibition of collagen I uptake by okadaic acid was due to cell detachment
from the ECM, we performed time-lapse microscopy either in MDA-MB-231 and
A2780-Rab25 cells transfected with siPPP2R1A or treated with 50 nM okadaic acid on CDM.
Of note, both PPP2R1A knockdown (S3D and S3E Fig) and okadaic acid treatment (S3F and
S3G Fig) resulted in cell rounding but not detachment from CDM of either cell line, suggest-
ing that the effect observed was PPP2R1A-specific.

ECM internalisation is dependent on 02f1 integrin

Our screen identified MAPK signalling as an important regulator of ECM internalisation. Col-
lagens have been linked to the activation of p38 MAPK in platelets [38], while the collagen
receptor 021 integrin activates p38 MAPK and PP2A in fibroblasts [39,40]. We therefore
hypothesised that 021 integrin may activate MAPK11 and regulate ECM internalisation.
Indeed, down-regulation of B1 integrin significantly reduced Matrigel internalisation in
MDA-MB-231 cells (S4A and S4H Fig). To assess whether the ECM was trafficked together
with B1 integrin, we assessed B1 integrin localisation in cells seeded on fluorescently labelled
Matrigel. Colocalisation analysis revealed a strong overlap between Matrigel and 1 integrin at
all the time points measured (S4B Fig). This data supports the hypothesis that 1 integrin not
only regulates ECM endocytosis but is trafficked together with the ECM.

In MDA-MB-231 cells, treatment with the 0.2 integrin pharmacological inhibitor BTT-3033,
which disrupts collagen binding, significantly decreased CDM and collagen I endocytosis (Fig
2A and 2B). Consistently, siRNA-mediated down-regulation of 0.2 integrin (S4G Fig) reduced
the internalisation of CDM and collagen I (Fig 2C and 2D). We then wanted to determine
whether 02-dependent ECM uptake was shared between different cancer types or was a specific
feature associated with invasive breast cancer cells. In ovarian cancer, the overexpression of the
small GTPase Rab25 promotes the internalisation of fibronectin-occupied 051 integrin to sus-
tain invasive migration [41]; therefore, we measured ECM internalisation in the highly invasive
ovarian carcinoma cell line A2780, overexpressing Rab25 (A2780-Rab25). Similar to
MDA-MB-231 cells, 02 integrin down-regulation significantly reduced CDM and collagen I
uptake in A2780-Rab25 cells (S4C and S4D Fig). To study whether o2 integrin regulated this
process in a primary cell line, we treated the polyoma middle T-driven mouse breast cancer cell
line YEJ P [42] with BTT-3033. Again, pharmacological inhibition of a2 integrin nearly abol-
ished collagen I internalisation in YE]J P cells (S4E Fig). Similar to breast tumours, pancreatic
tumours are surrounded by an extremely dense and fibrotic stroma [43,44] and pancreatic duc-
tal adenocarcinoma (PDAC) cells have been previously shown to be able to internalise collagen
I [45]. We assessed collagen I uptake in the metastatic PDAC cell line SW1990 and found that
02 integrin inhibition significantly reduced collagen I internalisation (S4F Fig). Altogether, this
data suggests that 0:2p1 integrin is required for ECM internalisation in different cancer types.

MAP3K1, MAPK11, and PPP2R1A regulate macropinocytosis of ECM-
bound 021 integrin

Our data suggested that MAPK signalling regulates ECM endocytosis (S2 Table). To charac-
terise the role of MAPK signalling in this process, we screened 4 inhibitors against p38c./p
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(SB202190 and SB203580), ERK1/2 (FR180204), and MEK1/2 (PD98059) on Matrigel, colla-
gen I, and CDM uptake in MDA-MB-231 cells (S5A Fig) [46-50]. The strongest uptake
impairment was obtained by p38 inhibition in a dose-dependent manner, starting from 10 uM
(S5B Fig). While 50 pM ERK1/2 inhibition reduced ECM internalisation, inhibition of MEK1/
2, an upstream activator of ERK1/2, did not reduce ECM uptake at effective inhibitory concen-
trations starting from 10 uM (S5B Fig). Altogether, this data supported a major role for p38
MAPK in mediating ECM internalisation.

To corroborate these results, highly invasive MDA-MB-231 and A2780-Rab25 cells were
seeded on labelled CDM and treated with 10 pM and 50 uM of p38c./ inhibitors. Similarly,
p38 inhibition reduced CDM internalisation in a dose-dependent fashion (Figs 3A, 3B, and
S5C). These experiments were performed with pHrodo-labelled ECM. Under these condi-
tions, a reduction in pHrodo signal could represent either a blockade of endocytosis, a defect
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20 um. (d, ) Collagen I uptake index and o2 integrin internal pool were calculated with Image]J. Values represented are normalised mean + SD from

N = 3 independent experiments; ****p < 0.0001; Kruskal-Wallis test. (f) Cells were serum starved for 24 h, preincubated for 1 h with 50 uM SB253080
(SB80), 50 uM SB202190 (SB90), or DMSO, stimulated with 250 mM sorbitol for 15 min and lysed. Phospho-p38 (p-p38) and GAPDH protein levels were
measured by western blotting. Data are presented as the normalised mean + SD; N = 5 independent experiments. *p = 0.0286; Mann-Whitney test. All the
raw data associated with this figure are available in S3 Data. CDM, cell-derived matrix; MAPK, mitogen-activated protein kinase.
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in lysosomal targeting of internalised ECM or an impairment of lysosomal acidification. To
address this, MDA-MB-231 cells and A2780-Rab25 cells were seeded on collagen I labelled
with NHS-Alexa Fluor 555, a non-pH sensitive dye. Consistently, collagen I internalisation
was markedly decreased upon p380/f inhibition (Figs 3C, 3D, and S5D), indicating that the
observed effect was due to changes in endocytosis and not in endosomal acidification. Simi-
larly, p38 inhibition reduced collagen I internalisation in YEJ P and SW1990 cells (S5E and
S5F Fig), suggesting that p38 signalling regulates ECM internalisation in breast, ovarian, and
PDAC cells. Importantly, these tumours are characterised by a dense and collagen I-rich
stroma. Since we showed that B1 integrin trafficked together with Matrigel and 0231 integrin
was required for ECM uptake (S4B Fig), we aimed to assess whether p38 inhibition controlled
the internalisation of 021 integrin, by measuring o2 internal pool. Indeed, p38 inhibition
reduced the levels of internalised o2 integrin in MDA-MB-231 cells (Fig 3C and 3E). Both
inhibitors significantly reduced p38 phosphorylation in MDA-MB-231 cells, indicating inhibi-
tion of p38 (Fig 3F). In agreement with our previous observations, 0.2 integrin could be
detected in collagen I-positive vesicles (Fig 3C), indicating that p38 promotes the internalisa-
tion of ECM-bound a2p1 integrin.

To validate the positive regulators identified in our screen, we assessed CDM and collagen I
uptake by highly invasive MDA-MB-231 and A2780-Rab25 cells in the presence of siRNA
against MAP3K1, MAPK11, and PPP2R1A (S6E-S6I Fig) and found that the knockdowns sig-
nificantly reduced CDM and collagen I uptake in both cell lines (Figs 4A-4D and S6A-S6D).
Moreover, MAPK11 down-regulation by 3 individual siRNAs sequences significantly impaired
collagen I uptake (S7 Fig), indicating it is an on-target hit as MAP3K1 and PPP2R1A (Fig 1F).
In MDA-MB-231 cells, down-regulating MAP3K1, MAPK11, and PPP2R1A also significantly
reduced o2 integrin internal pool (Fig 4C and 4E). To rule out the possibility that the decrease
in internalised 0.2 integrin was due to changes in its expression, we assessed how MAPK11 and
PPP2RI1A knockdown affected o2 integrin protein levels by western blotting. Knocking down
PPP2R1A resulted in a ~50% decrease in 02 integrin expression (S6] Fig), while MAPK11
down-regulation resulted in a small, but not statistically significant increase in o2 integrin lev-
els (S6K Fig). These data suggest that changes in the 02 integrin internal pool are likely due to
reduced endocytosis upon MAPK11 down-regulation; however, PPP2R1A may potentially
regulate both 02 integrin trafficking and expression. Altogether, these data indicate that
MAP3K1, MAPK11, and PPP2R1A control ECM uptake by modulating integrin endocytosis.
To investigate the fate of internalised ligand-bound 02 integrin, we quantified collagen I and
02 integrin internal pool in the presence of either E64d or Bafilomycin A1, which prevents
lysosomal function, and found that the treatments resulted in a significant accumulation of
both collagen I and 0.2 integrin inside the cells (S8A-S8D Fig). Consistently, higher 0.2 integ-
rin protein levels were detected by western blotting upon Bafilomycin Al treatment (S8E Fig),
indicating that ligand-bound o2 integrin endocytosis resulted in lysosomal degradation.

We have previously shown that breast cancer cells uptake different ECM components
through macropinocytosis [5]. To assess whether p38 was controlling this endocytic process,
we measured dextran uptake in MDA-MB-231 cells seeded on collagen I (S9A Fig). Interest-
ingly, p38 inhibition significantly reduced dextran internalisation (S9B Fig), suggesting that
this pathway is a conserved macropinocytic programme. Since integrins cluster in
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macropinocytic cups [33], we reasoned that o2 integrin may be required for macropinocytosis.
Indeed, 02 inhibition with either BTT-3033 or siRNA-mediated down-regulation significantly
reduced dextran uptake (S9C and S9D Fig), indicating that 021 integrin is a novel macropi-
nocytosis regulator in invasive breast cancer cells.

Regulators of ECM internalisation modulate invasive cancer cell migration

Integrin endocytosis is essential for integrin turnover, migration, and invasion [51]. Internali-
sation of fibronectin-bound o581 integrin is required for invasive migration in A2780-Rab25
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cells [41], while degradation of the ECM is required in invasive migration [15] to enable cell
movement through “ECM barriers” [4]. We observed that MDA-MB-231 cells seeded on 2D
collagen I internalised and acidified collagen I while migrating (Fig 5A and S2 Video), sug-
gesting that ECM endocytosis might facilitate cell migration. Consistently, breast cancer cells
internalised CDM during migration, and this seemed to occur in the perinuclear region in
front of the extending protrusion at the leading edge (Fig 5B and S3 Video). We therefore rea-
soned that 02f1 integrin and p38 may facilitate invasive migration by promoting ECM uptake.

To assess this, we treated MDA-MB-231 cells with p38 MAPK inhibitors and found that
10 uM and 50 uM SB203580 and SB202190 significantly reduced the velocity of MDA-MB-231
cells migrating on CDM, while only 50 uM SB203580 and SB202190 impinged on the direc-
tionality of cell migration (Fig 5C). Correspondingly, down-regulation of MAP3K1, MAPK11,
PPP2R1A, and o2 integrin significantly reduced the velocity and directionality of MDA-MB-
231 cell migration (Fig 5D and 5E). To confirm the relevance of this process to different can-
cer types, A2780-Rab25 cells were treated with 50 pM SB203580 or siRNAs against MAP3K1,
MAPK11, PPP2R1A, and o2 integrin and seeded on CDM. Consistently, A2780-Rab25 cell
migration was impaired upon p38 inhibition or siRNA down-regulation of MAP3K1,
MAPKI11, PPP2R1A, and 02 integrin (S1I0A-S10D Fig). As a WAVE shell complex subunit,
PPP2R1A has been shown to modulate migration persistence in the non-transformed mam-
mary cell line MCF10A and MDA-MB-231 cells [34]. To discern if the effect of PPP2R1A on
migration required its catalytic activity, cells were treated with okadaic acid. PP2A inhibition
significantly reduced the velocity and directionality of cell migration in both MDA-MB-231
and A2780-Rab25 cells, indicating that PP2A phosphatase activity is required for migration
(Figs 5F and S10E). To study whether regulators of ECM endocytosis similarly affected direc-
tional cell migration, we performed a scratch-wound healing assay with a collagen I overlay
[52] in SW1990 cells. We found that o2 integrin and p38 inhibition significantly reduced
wound healing closure compared to the control (S10F Fig). We have previously shown that
metabolic adaptations induced by ECM internalisation and lysosomal degradation facilitated
invasive cell migration under amino acid starvation [5]. To determine whether ECM-endocy-
tosis-driven cell migration was linked to the ability of the cells to degrade the endocytosed
material in the lysosomes or was a mechanism of ECM remodelling to enable cell invasion, we
monitored MDA-MB-231 cells migration on CDM in the presence of E64d and Bafilomycin
Al Interestingly, we found that the inhibition of lysosomal function significantly reduced
both velocity and directionality of cell migration (S11 Fig). Taken together, these data indicate
that MAP3K1, MAPK11, PPP2R1A, and o2 integrin, positive regulators of ECM uptake, mod-
ulate cell migration, therefore correlating ECM internalisation and lysosomal degradation to
cell migration.

P38 has been reported to phosphorylate a variety of downstream targets, including the
sodium/proton exchanger 1 (NHEL1). Indeed, p38 was shown to directly interact and phos-
phorylate NHE1 on 1 threonine and 3 serine residues in the C-terminal [53]. Importantly, the
phosphorylation was required to trigger the channel activation [54]. As NHEL is a well-estab-
lished regulator of macropinocytosis (S12A Fig) [55], we hypothesised that p38 might control
cancer cell migration through the modulation of NHE1-dependent ECM macropinocytosis.
To test this, we assessed the ability of NHE1 knockdown cells (S12D Fig) to internalise pH-
rodo labelled collagen I and found that NHE1 down-regulation significantly impaired collagen
I uptake (S12B Fig). Moreover, NHEI knockdown significantly reduced the directionality of
MDA-MB-231 cells migrating on cell-derived matrices, without affecting the velocity of cell
migration (S12C Fig), suggesting that p38 could control ECM uptake through the regulation
of NHEI function.
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Fig 5. Regulators of ECM internalisation were required for invasive breast cancer cell migration. (a) MDA-MB-231
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pHrodo-labelled CDM for 6 h and imaged live by time-lapse microscopy. Representative images extracted from S3 Video
are shown. Scale bar, 20 pm. (c) MDA-MB-231 cells were seeded on CDM for 6 h in the presence of DMSO, 10 uM and
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50 uM SB203580 or SB202190 and imaged live with a 10x Nikon Inverted Ti eclipse with Oko-lab environmental control
chamber for at least 7 h. Spider plots show the migration paths of manually tracked cells (directionality >0.5 in black, <0.5
in red). Box and whisker plots represent 5-95 percentile, + represents the mean, dots are <5% and >95%; N = 3
independent experiments. ****p < 0.0001; Kruskal-Wallis test. (d) MDA-MB-231 cells were transfected with an siRNA
targeting MAP3K1 (siMAP3K1), an siRNA targeting MAPK11 (siMAPK11), an siRNA targeting PPP2R1A (siPPP2R1A) or
a non-targeting siRNA control (siNT), seeded on CDM for 6 h and imaged live with a 10x Nikon Inverted Ti eclipse with
Oko-lab environmental control chamber for 17 h. Spider plots show the migration paths of manually tracked cells
(directionality >0.5 in black, <0.5 in red). Box and whisker plots represent 5-95 percentile, + represents the mean; dots are
<5% and >95%; N = 3 independent experiments. ****p < 0.0001; Kruskal-Wallis test. (¢) MDA-MB-231 cells were
transfected with an siRNA targeting o2 integrin (silTGA2) or a non-targeting siRNA control (siNT), seeded on CDM for 4
h and imaged live for 17 h. Spider plots show the migration paths of manually tracked cells (directionality >0.5 in black,
<0.5 in red). Box and whisker plots represent 5-95 percentile, + represents the mean, dots are <5% and >95%; N = 3
independent experiments. **p = 0.0032; ****p < 0.0001; Mann-Whitney test. (f) MDA-MB-231 cells seeded on CDM for 6
h in the presence of 50 nM Okadaic acid (Okad Ac.) or vehicle control (water) and imaged live for 17 h. Spider plots show
the migration paths of manually tracked cells (directionality >0.5 in black, <0.5 in red). Box and whisker plots represent
5-95 percentile, + represents the mean, dots are <5% and >95%; N = 3 independent experiments. ****p < 0.0001; Mann—
Whitney test. All the raw data associated with this figure are available in S5 Data. CDM, cell-derived matrix; ECM,
extracellular matrix; MAPK, mitogen-activated protein kinase.

https://doi.org/10.1371/journal.pbio.3002930.9005

Since ECM endocytosis is (1) up-regulated in breast cancer cells; and (2) is required for
migration on CDM, we next tested whether regulators of ECM endocytosis were important for
3D invasion (Fig 6A). Indeed, down-regulation of MAP3K1 significantly reduced invasion of
MDA-MB-231 cells in 3D culture systems (Fig 6B and 6C). In agreement with the cell migra-
tion data, MDA-MB-231 cells were able to internalise ECM in 3D and MAP3K1 knockdown
significantly reduced ECM uptake in these settings (Fig 6B and 6D). We also observed differ-
ences in the invasive front morphology, where MAP3K1 knockdown resulted in shorter and
thicker multicellular strands protruding from the spheroid core (Fig 6B and 6E). This observa-
tion demonstrates that regulators identified in our 2D screen also play a role in 3D systems,
suggesting the screening setup developed in this study has the potential of identifying novel
regulators of cancer cell invasion. Similarly to MAP3K1, o2 integrin down-regulation or phar-
macological inhibition impaired breast cancer cell invasion in 3D systems (Fig 6F and 6G).
Altogether, these data demonstrate that MAP3K1 and a2 integrin, regulators of ECM macro-
pinocytosis, are required for MDA-MB-231 cell invasion.

a2 integrin, B1 integrin, and MAP3K1 are poor prognosis factors for
pancreatic carcinoma and are linked to chemoresistance in breast cancer

Since ECM endocytosis is up-regulated in breast cancer cells (S1A and S1B Fig), we stained
mammary glands of MMTV-PyMT mice extracted at 44 days (normal mammary gland, pre-
ceding tumour formation), 73 days (representing ductal carcinoma in situ, DCIS, stage), and
91 days (invasive adenocarcinoma, IDC) for collagen I. Consistent with our in vitro results,
more collagen I positive vesicles were present in the IDC tumour, compared to DCIS and nor-
mal mammary gland, where a strong collagen I staining can be detected in the stroma (S13A
Fig). Therefore, we hypothesised that the ECM uptake regulator 0.2 integrin might be up-regu-
lated during tumour progression in vivo. Indeed, 02 integrin expression was slightly higher in
DCIS and IDC tissue sections, compared to the healthy tissues (S13B and S13C Fig). In breast
cancer, chemotherapy resistance is often accompanied by metastatic dissemination, leading to
poor clinical prognosis [56]. To examine whether regulators of ECM internalisation may
impact on chemoresistance in breast cancer patients, we looked at the correlation between
MAP3K1, MAPK11, PPP2R1A, and o2 integrin expression and chemotherapy response using
transcriptomic data of 3,104 breast cancer patients [57]. Interestingly, these genes were highly
expressed in chemoresistant (non-responder) tumours (S13D-S13G Fig). Indeed, the area
under the ROC curve (AUC) for PPP2R1A and o2 integrin was over 0.6 (S13F and S13G Fig),
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Fig 6. MAP3K1 and 02 integrin were necessary for MDA-MB-231 cell invasion. (a) Schematic representation of ECM internalisation in 3D. (b) MDA-MB-
231 cells were transfected with an siRNA targeting MAP3K1 (siMAP3K1) or a non-targeting siRNA control (siNT) and spheroids embedded in 3D 3 mg/ml
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matrigel (1:1 ratio) matrix for 3 days. Scale bar, 200 um. Box and whisker plots represent Min to Max, + represents the mean; N = 2 independent experiments.
¥ p < 0.0001; 2-way ANOVA test. (g) MDA-MB-231 cells spheroids were embedded in 2 mg/ml collagen I and matrigel (1:1 ratio) matrix and treated with
DMSO or 10 pM BTT-3033. Scale bar, 200 um. Box and whisker plots represent Min to Max, + represents the mean; N = 2 independent experiments.

*%p = 0.0005; 2-way ANOVA test. (h) Working model. All the raw data associated with this figure are available in S6 Data. AR, aspect ratio; ECM, extracellular
matrix.

https://doi.org/10.1371/journal.pbio.3002930.g006

which classified them as a weak biomarker with potential use in prediction of chemotherapy
treatment [57]. Given the requirement of 0:2p1 integrin/p38 MAPK axis in ECM internalisa-
tion and invasion in PDAC cells, we looked at the relationship between the expression of 0.2
integrin, B1 integrin, and MAP3K1 and disease outcomes in PDAC patients. RNA sequencing
data showed overexpression of 0.2 integrin, 1 integrin, and MAP3K1 in pancreatic adenocar-
cinomas compared to normal pancreas (Fig 7A, 7D and 7G). Correspondingly, high expres-
sion of these genes correlated with poor overall survival (Fig 7B, 7E and 7H) and relapse-free
survival (Fig 7C, 7F and 7I). These data indicate that a2 integrin and MAP3K1 may contribute
to invasion, metastasis, and chemoresistance in vivo.

Discussion

Dysregulations in endocytic trafficking, such as overexpression of trafficking proteins or
macropinocytosis, have been associated with cancer [41,58-60]. We showed that Matrigel and
CDM internalisation and degradation are up-regulated in mouse mammary cancer cells,
PyMT#1, compared to normal mouse mammary epithelial cells, NMuMG. These data agree
with our previous observations using the MCF10 series of non-transformed, DCIS and inva-
sive cells [5]. It is noteworthy that the MCF10 cell lines are epithelial and present cell-cell con-
tact sites, indicating that the changes observed between non-transformed and invasive cells is
not due to changes in cell morphology nor cell-cell contact sites. Increased lysosomal degrada-
tion of CDM, in contrast to Matrigel, in invasive cancer cells may reflect a characteristic
acquired during invasion into the surrounding stroma of primary tumours. In fact, starved
mouse mammary epithelial cells were reported to internalise and degrade the underlying base-
ment membrane for survival [61]. Following a canonical endocytic route, Matrigel is first
delivered into early endosomes and later to lysosomes. This differs from previous results in
which fibronectin-occupied 051 integrin was directly delivered into lysosomes [41], suggest-
ing that different ECM components follow distinct trafficking routes. We previously reported
that macropinocytosis is the main endocytic route for internalisation of collagen I, Matrigel,
and CDM [5]. Macropinosome acidification has been shown to occur within 5 to 10 min after
macropinosome formation [62], which is in agreement with our live cell imaging observations,
where pHrodo-collagen I fluorescence increased approximately 12 min after internalisation.
Integrin signalling has mainly been associated with Src, focal adhesion kinase (FAK) and
epidermal growth factor receptor (EGFR) activation, resulting in cell adhesion, proliferation,
and migration [63-65]. While integrins have been shown to modulate ECM uptake, the signal-
ling regulators downstream of integrin engagement that promote ECM internalisation have
remained mainly unexplored. We designed a semi-automated high-content screen and found
that MAPK signalling, and in particular p38, is a key regulator of this process. The role of p38
in tumour development remains controversial. Owing to the high sequence homology between
p38c and p38P, few studies have focused on deciphering the role of p38f in tumour progres-
sion. Nonetheless, recent evidence proposed that p38 may have distinct and nonredundant
functions [66]. The p38 inhibitors used in this study target both p38c. (MAPK14) and
(MAPK11) [67], we thus cannot discard that under certain circumstances MAPK14 may regu-
late this process. We previously showed that PAKI modulates macropinocytosis of Matrigel,
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Fig 7. a2, B1 integrin, and MAP3K1 expression correlated with poor prognosis of pancreatic ductal adenocarcinoma. (a, d, g) RNA sequencing data
from PDAC tumours (N = 177) and normal pancreatic tissue (N = 252) for 02 integrin (ITGAZ2, a), B1 integrin (ITGBI, d), and MAP3K1 (g). ****p < 0.0001;
Mann-Whitney test. (b, e, h) Overall survival of patients with PDAC with high (red) or low (black) o2 integrin (ITGA2, b), Bl integrin (ITGB1, e) and
MAP3K1 (h) expression. (c, f, i) Relapse-free survival of patients with PDAC with high (red) or low (black) a2 integrin (ITGA2, ¢), f1 integrin (ITGB1, f),
and MAP3K1 (i) expression. The data underlying the graphs shown in Fig 7B, 7C, 7E, 7F, and 7H were directly generated using KMplot.com (https://kmplot.
com/analysis/index.php?p=service&cancer=pancancer_rnaseq). The rest of the raw data associated with this figure are available in S7 Data. MAPK, mitogen-
activated protein kinase; PDAC, pancreatic ductal adenocarcinoma.

https://doi.org/10.1371/journal.pbio.3002930.9007

collagen I, normal fibroblast- and cancer-associated fibroblast-CDM [5]. PAKI1 is recruited to
p38 kinase complex in a phosphorylation-dependent manner [68]. Interestingly, PAK1 has
been shown to phosphorylate MAP3K1 on serine 67, which inhibits its binding to JNK kinases
[69], while MAP3K1 has been described as an upstream regulator of MAPK11 and 14 [70-73].
3D collagen I has been shown to lead to p38 activation downstream of a2p1 integrin in
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mesenchymal cells, such as fibroblasts, in a Cdc42-dependent manner [39]. As PAK1 can be
activated by Cdc42, this raises the intriguing hypothesis that PAK1 might promote MAP3K1-
dependent p38 activation, leading to ECM uptake, downstream of collagen I binding to a2f1
integrin. Indeed, 02 integrin inhibition or down-regulation significantly decreased the uptake
of collagen I-rich matrices in MDA-MB-231, A2780-Rab25, YEJ P, and SW1990 cells. It is
important to note that a2 integrin down-regulation had a stronger effect on collagen I than
CDM internalisation in A2780-Rab25 cells. This is likely due to the abundance of fibronectin
in the CDM, which is internalised in an a:5B1-dependent manner in A2780-Rab25 cells [41],
while fibronectin uptake in MDA-MB-231 cells is very low. This may be due to Rab25 not
being overexpressed in MDA-MB-231 cells [74]. These results agree with previous studies
showing that 02B1 integrin regulates collagen I remodelling through its phagocytosis in fibro-
blasts [75]. In addition, we have shown that 021 integrin traffics together with internalised
collagen I and the down-regulation of MAP3K1, MAPK11, or PPP2R1A significantly reduced
ECM uptake and the internal pool of 02 integrin. In addition to ECM uptake, we showed that
02 integrin and p38 were also required for soluble dextran internalisation. For these experi-
ments, cells were seeded on low collagen I concentrations, which resulted in minimal collagen
I uptake. It is therefore unlikely that the reduced dextran uptake is due to dextran mostly bind-
ing to collagen I and being internalised together with it. Similarly, NHE1, a well-known regula-
tor of macropinocytosis, is required for ECM internalisation. In line with these results, we
have previously shown that 5-(N-Ethyl-N-Isopropyl)amiloride (EIPA), a specific NHE1 inhib-
itor [76], modulates uptake of matrigel, collagen I and CDMs generated by normal and can-
cer-associated fibroblasts [5]. Thus, we hypothesise that activation of p38 by 0:2p1 integrin
promotes macropinocytosis of both soluble components, such as dextran, and fibrillar ECM.
In fact, p38 inhibition was reported to prevent dextran uptake in dendritic cells [77], while
051 integrins [33] and a6B1 [78] have been shown to localise to macropinocytic cups and
macropinosomes, respectively.

Protein phosphatases have been commonly studied in the context of negative regulation of
MAPK signalling pathways; however, our results may indicate that protein kinases (MAP3K1
and MAPK11) may cooperate with PPP2R1A to promote ECM internalisation. Interestingly,
the phosphatase activity of PP2A has been shown to dephosphorylate p38 after its activation
downstream of collagen I signalling in platelets [38]. Moreover, PP2A is activated downstream
of 02p1 integrin in fibroblasts [40]. PP2A is found in integrin adhesion complexes [79], where
it promotes FA maturation and cell migration of the fibrosarcoma cell line HT1080 [80]. We
propose that MAP3K1 activation downstream of a2p1 integrin promotes MAPK11 activation,
with subsequent PP2A activation to regulate the spatiotemporal activation of MAPK11 (Fig
6H). Interestingly, MAPK11/14 activation by extracellular stimuli inhibits endocytic recycling
and promotes lysosomal degradation of endocytosed receptors [81], suggesting that activation
of MAPK11/14 may regulate ECM trafficking at different stages. Future studies will focus on
the mechanism regulating the trafficking of ECM to the lysosomes.

Integrin internalisation and ECM degradation have been associated with invasive migration
and metastatic dissemination. Live cell imaging showed that MDA-MB-231 cells internalise
CDM while migrating. Interestingly, pharmacological inhibition or siRNA-mediated down-
regulation of ECM uptake regulators reduced the velocity and directionality of migrating cells.
Of note, 50 uM SB202190 and SB203580 affected both the velocity and directionality of migrat-
ing MDA-MB-231 cells, in agreement with MAPK11 knockdown. Nonetheless, 10 uM
SB202190 and SB203580 did not affect the directionality of these cells. This could be in part
explained by the fact that the lower p38 inhibitor concentrations had a moderate effect on
CDM uptake compared to the higher concentrations. In addition, the IC50 of the compounds
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for MAPK11 is higher than MAPK14 [82]; therefore, a higher concentration might be required
to fully inhibit MAPK11, which appears to be the major regulator of ECM uptake.

The role of macropinocytosis in modulating invasive migration is controversial, as while
0531 macropinocytosis decreases invasion in the Ewing sarcoma A-673 cell line [33], macropi-
nocytosis of a6p1 promotes glioblastoma cell invasion [78]. Interestingly, PPP2R1A is required
for embryonic patterning, primitive streak formation, gastrulation and mesoderm formation
[83], which consist of migration processes [84]. This suggests the intriguing possibility that
during embryonic development migrating cells remodel the surrounding ECM via macropino-
cytosis. Indeed, the syncytialisation of placental trophoblasts is accompanied by a strong acti-
vation of macropinocytosis [85]. Our results suggest that PP2A activity is required for cell
migration of MDA-MB-231 and A2780-Rab25 cells. Indeed, PP2A activity is up-regulated in
the osteosarcoma cells LM8, MG63 and SaOS cells [86] and PP2A regulates migration, prolif-
eration, and metastasis of osteosarcoma cells [86]. Nevertheless, PP2A was shown to inhibit
cervical cancer cell migration by dephosphorylating JNK, p38, and ERK [87]. This suggests
that the role of PP2A in cell migration may be cancer specific. In addition, MAP3K1 down-
regulation resulted in changes in the multicellular protrusions projecting from 3D spheroids,
suggesting either a possible change in the mode of invasion or reduced invasion with limited
effects on cell proliferation, resulting in an accumulation of cells in invasive protrusions.

Immunohistological analysis revealed increased collagen I vesicular staining in DCIS and
IDC mouse mammary tumours, which may indicate increased ECM internalisation in vivo.
However, we cannot rule out the possibility that the intracellular collagen I dotted structures
may be due to increased collagen I expression/secretion, associated with acquisition of mesen-
chymal traits [88]. We observed that o2 integrin expression increased in breast and pancreatic
tumours and correlated with poor survival. In agreement with our results, patient-derived
xenografts from breast cancer bone metastasis showed increased 021 integrin expression
when undergoing epithelial-to-mesenchymal transition with progressive passages through
mice [89]. Similarly, 0.2 integrin expression is induced in ovarian cancer cells that metastasized
to the omentum [90]. The role of 02 integrin in pancreatic cancer remains controversial.
While 02 integrin expression correlates with poor overall survival and resistance to gemcita-
bine in high-stiffness matrices in pancreatic cancer [91], poorly differentiated tumours were
reported to express low levels of 0.2 integrin, while well-differentiated ones showed high levels
of 02 integrin [92]. Consistent with our data showing a correlation between MAP3K1 levels
and poor prognosis in PDAC patients, MAP3K1 expression correlates with progression and
poor prognosis of hormone-receptor-positive, HER2-negative early-stage breast cancer
patients [93]. Single-cell transcriptomes from matched primary tumours and metastasis from
patient-derived xenograft models of breast cancer showed that metastasis displayed increased
stress response signalling during metastatic progression [94]. Interestingly, p383 (MAPK11)
activation has been associated with stress signalling [95], suggesting the intriguing hypothesis
that ECM uptake might be induced by the stress response during cancer dissemination.
Indeed, MAPK11 promotes metastatic dissemination to the bone, where it promotes osteolytic
bone destruction [96]. Similarly, a2 integrin expression promotes bone metastasis of the pros-
tate cancer cell line LNCaP PCa [97]. In addition, integrins and stress responses have been
linked to therapy resistance [98]. Indeed, MAPK14 is up-regulated in BRAF-inhibition-resis-
tant melanoma in mouse models [98,99], while MAPK11 abrogation promotes radiosensitivity
in A549, MCF7, and HCT-116 cells [100]. Consistently, we showed that MAP3K1, MAPK11,
PPP2RIA, and o2 integrin expression is higher in chemoresistant breast cancer patients. Dual
inhibition of MAPK11 and MAPK14 is currently being tested as a monotherapy or in combi-
nation with other agents, such as gemcitabine and carboplatin, for the treatment of glioblas-
toma, ovarian, and metastatic breast cancer. Interestingly, the combination therapy improved
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progression-free survival in epithelial ovarian cancer [101]. A recent preprint has shown that
in patients resistant to PD1/L1 therapy (nivolumab), combination treatment with p38 inhibi-
tion (pexmetinib) increased T cell infiltration and clinical response [102]. Similarly, a2 integ-
rin inhibitors are being studied in clinical trials for solid tumours, either alone [103] or in
combination with chemotherapy [104]. This raises the intriguing hypothesis that MAPK11/14
activation in therapy-resistant cancers could contribute to metastatic dissemination by pro-
moting ECM-bound 021 integrin internalisation. Further work will look into this.

Altogether, we showed that ECM internalisation is up-regulated in breast cancer cells and
ECM macropinocytosis facilitates invasive migration of breast, ovarian, and pancreatic cancer
cells, through the activation of p38 signalling. High expression of the regulators of ECM inter-
nalisation correlates with poor prognosis of pancreatic cancer patients and is associated with
chemoresistance in breast cancer, therefore targeting ECM macropinocytosis could open new
avenues for the development of novel strategies to prevent cancer cell invasion and dissemina-
tion, which ultimately constitutes the primary cause of cancer death [105].

Methods
Antibodies and reagents

Primary antibodies Alexa-Fluor 488 Anti-human CD29 (ITGB1, Clone TS2/16; 303016), FITC
anti-human CD49b (ITGA2; Clone P1E6-C5; 359306), Alexa-Fluor 488 anti-mouse CD49b
(Clone HMa:2; 103510), and mouse anti-human LAMP2 (354303) from BioLegend, primary
antibodies mouse anti-human CD49b (611017) mouse anti-EEA1 (610457) from BD Biosci-
ence. Primary antibodies anti-human GAPDH (SC-47724) and NHE1 (sc-136239) from Santa
Cruz Biotechnology. Primary antibody against p38 MAPK from Cell signalling (9212S). Pri-
mary antibody against phospho-p38 MAPK (Rabbit PolyAb Thr180/Tyr182) from Proteintech
(28796-1-AP). Primary antibody against collagen I (NB600-408) from Novus. Secondary anti-
bodies Alexa-Fluor 488 Donkey Anti-mouse were from Fisher Scientific (A-21202), IRDye
800CW and IRDye 680CW were from LI-COR. Alexa Fluor 647 Phalloidin, NHS-Fluorescein,
NHS-Alexa Fluor 555, pHrodo iFL STP ester red, and Hoechst-33342 were from Invitrogen.
Collagen I and Matrigel were from Corning. DMEM, RPMI, OptiMEM, Trypsin-EDTA, Try-
pLE, and FBS were from Gibco. E64d (Aloxistatin) was from AdooQ Bioscience. Bafilomcyin
Al, FR180204, PD98059, SB202190, and SB203580 from MedChem express. SB203580 from
Startech. SB202190 from APExBIO. Okadiac acid from Merk. BTT-3033 from Tocris. Bafilo-
mycin Al from VWR. siRNA from Dharmacon Horizon discoveries. Vectashield antifade
mounting medium from VECTOR laboratories.

Cell culture

MDA-MB-231 cells, MDA-MB-231 cells overexpressing PPP2R1A-GFP, MDA-MB-231 cells
expressing GFP, Telomerase immortalised normal fibroblasts (TIF) and SW1990 cells were
cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS). MDA-MB-231 cells overexpressing PPP2R1A were a gift from
Professor Alexis Gautreau (Ecole Polytechnique, Paris, France). A2780 overexpressing Rab25,
A2780-Rab25, were maintained in Roswell Park Memorial Institute (RPMI) medium supple-
mented with 10% FBS. NMuMG cells were cultured in DMEM supplemented with 10% FBS
and 10 pg/ml insulin. PyMT#1 and YE] P cells were cultured in DMEM 20 ng/ml EGF and

10 pg/ml insulin. NMuMG, PyMT#1, and YE] P cells were a gift from Professor Jim Norman
(CRUK Scotland Institute, Glasgow, United Kingdom). Cells were grown at 5% CO, and 37°C
and passaged every 3 to 4 days.
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Generation of cell-derived matrices (CDMs)

CDMs were generated as previously described [106], either in a 35-mm glass bottom dish,
12-well plate, 8-well chamber, or a 384-well plate. Tissue culture plates were first coated with
0.2% (v/v) gelatin for 1 h at 37°C. Following that time, plates were washed twice with PBS and
crosslinked with 1% (v/v) sterile glutaraldehyde (dissolved in PBS) for 30 min at room temper-
ature. Plates were thereafter washed twice with PBS and the remaining glutaraldehyde was
quenched with 1 M sterile glycine for 20 min at room temperature. Subsequently, plates were
washed twice with PBS and equilibrated for 30 min in complete medium at 37°C. Confluent
TIFs were seeded onto the gelatin-coated plates (S4 Table). TIFs were incubated at 37°C in 5%
CO, until being fully confluent. The following day or the day after, the media was changed to
complete media supplemented with 50 pg/ml ascorbic acid, the media was refreshed every
other day. TIFs were kept secreting CDM for 9 days in a 10 cm dish, 12-well plate and 35 mm
glass bottom dish. While only 7 days were required for CDM production in 384-well plates.
Following that time, cells were washed once with PBS containing CaCl, and MgCl, (PBS™™).
Cells were incubated with the extraction buffer (20 mM NH,OH and 0.5% triton X-100 in
PBS™) for 2 to 5 min at room temperature until no visible cells remained. For 384-well plates,
cells were extracted twice for 2 min. Extracted CDMs were subsequently washed twice with
PBS™" and residual DNA was digested with 10 ug/ml DNase I in PBS*" at 5% CO,, 37°C for 1
h; for 384-well plates, DNase incubation was overnight. CDMs were then washed with PBS™
and stored at 4°C in PBS™ supplemented with 1% Penicillin/Streptomycin.

High-throughput ECM internalisation screen

Matrigel coating and labelling. Matrigel preparations were handled using high-grade dispens-
ing pipette tips (E1-ClipTip Equaliser pipette). All the reagents were added in a high-through-
put fashion by using the multidrop combi at slow or medium speed. The small and large
multidrop combi dispenser cassettes, henceforth small or large cassettes, were sterilised with
100 ml of 70% ice-cold ethanol. Cassettes were then rinsed with sterile ice-cold water (Gibco).
The large cassette dispensed 50 pl ice-cold PBS in a 384-well plate. PBS plates were kept at 4°C
for 15 min. The small cassette was kept at 4°C and was set to dispense 2 pl ice-cold Matrigel in
the 384-well plates containing PBS. Plates were centrifuged for a few seconds at 500 rpm, kept
at 4°C for 8 min and then polymerised for 2 h and 30 min at room temperature. Bravo liquid
handling system (Agilent Technologies, hereafter Bravo) was used to perform Matrigel washes.
After polymerisation time was completed, 40 pl PBS was pipetted up and deposited into the
waste reservoir. The multidrop combi large cassette was set to dispense 30 pl/well of 20 pg/ml
pHrodo in a 384-well plate. Plates were kept in the dark on gentle rocking for 1 h for efficient
Matrigel labelling. Following that time, Bravo was used for washing pHrodo off. All washes
were performed with PBS containing 1% antibiotic-antimycotic (anti/anti) to avoid contami-
nation. Plates were kept in 50 ul 1% anti/anti in PBS at 37°C overnight. Cell detachment. VIA-
FLO-384-well head (Integra) was used for cell transfer. Cell media in transfected plates was
automatically pipetted and released in a waste reservoir. Transfected plates were washed with
80 ul PBS once and 20 pl of TrypLE was used to ensure the detachment of cells. Cells were
incubated for 5 min at 37°C. Cells were then vortexed every 1 min thrice. TrypLE Express
Enzyme was neutralised with 80 ul 10% FBS DMEM. Cells were pipetted up and down before
transferring to ECM-coated 384-well plates. Transfected and transferred cells were incubated
for 6 h. After 2 h, cell media was changed to 200 nM Bafilomycin Al in positive control wells
containing NT. After 5 h and 45 min, Hoechst-33342 was spiked into a final concentration of
0.5 to 1 pg/ml. Cells were imaged with 40x water objective Opera Phenix. The screen was per-
formed in duplicates (biological replicates); the same imaging and analysis threshold was
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applied for both replicates. Data was normalised between the average of the non-targeting (NT)
control and NT in the presence of Bafilomycin A1, as a positive control to assess the magnitude
of modulation between technical replicates, as in [107]. To identify the hits, we calculated the
first derivative of the curve of normalised values within the population tested, excluding con-
trols. We identified 25 and 37 positive regulators, and 66 and 55 negative regulators for the first
and second replicate, respectively. The correlation and reproducibility of the hits were the main
criteria for selecting the hits; this approach has been conventionally followed in many studies
[23,108-110]. To rule out that changes in ECM uptake were a consequence of changes in apo-
ptosis, survival, and/or proliferation, we assessed the nuclei count and considered a nuclei
count lower than 200 as an indication of cell toxicity of the knockdown as in [23].

ECM internalisation

Collagen I was dissolved in ice-cold PBS to a final concentration of 1 mg/ml, and 100 pl of the
solution was used to coat a 35 mm glass-bottom dish with the help of a pipette tip. ECM-coated
dishes were incubated at 37°C and 5% CO, for 1 h for polymerisation. Collagen I dishes were
labelled with either 300 pl of 10 pg/ml NHS-fluorescein, 5 pug/ml Alexa Fluor 555 NHS ester, or
20 pg/ml pHrodo iFL red. The dishes were incubated for 1 h at room temperature on gentle
rocking. CDMs were labelled with 20 pg/ml pHrodo iFL red for 1 h at 37°C. The labelled ECM
dishes were washed twice with PBS prior to cell seeding. To avoid evaporation, PBS was added
to each dish to keep in the incubator. Alternatively, CDMs were labelled with 0.13 mg/ml
NHS-SS-biotin in PBS™™ for 30 min with gentle rocking at 4°C, labelled CDMs were washed
twice, and cells were seeded on top. Cells were then washed once with ice-cold PBS*" and
treated with a cell-impermeable reducing agent (15 mg/ml sodium 2-mercaptoethane sulfo-
nate supplemented in 3 mM NaOH for 1 h and 30 min at 4°C). Reduced cysteines were alkyl-
ated with 17 mg/ml iodoacetamide for 10 min at 4°C. Dishes were kept on ice, washed once
with PBS™™ and fixed with 4% formaldehyde. Cells were permeabilised and stained with Strep-
tavidin Alexa Fluor 488 (1:1,000) at room temperature for 1 h. For pHrodo-labelled ECM, cells
were stained with Hoechst-33342 and imaged live. For p38 MAPK inhibitors, cells were serum
starved for 16 to 18 h. Cells were detached using TrypLE and neutralised in serum-free media.
Preliminary screening of MAPK inhibitors was performed in serum-free conditions to assess
ECM-specific contribution and avoid MAPK activation by growth factors found in serum
[39]; other assays were performed in 5% FBS. For uptake, cells were incubated for 6 h, except
for YEJ P cells, which were kept for 16 h. For BIT-3033 experiments, cells were allowed to
adhere for 2 h before adding 5 uM or 10 uM BTT-3033 depending on the cell line. MDA-MB-
231 cells were cultured for an additional period of 6 h in the presence of BTT-3033 before fixa-
tion and immunofluorescence staining. SW1990 cells were cultured for 4 additional hours
before nuclei labelling and live imaging. For knockdown experiments, cells were incubated for
a total of 6 h on the different types of ECM. Cells were imaged using a 60x Nikon A1 confocal
microscope. For these experiments, cells were stained for a membrane protein, which is not
shown in the images for better visualisation of the uptake. For live imaging uptake, the outline
of the cells was visible, therefore being used to calculate the cell area. Confocal experiments
were analysed manually. For time-lapse uptake, MDA-MB-231 cells were seeded on collagen I
matrices labelled with NHS-fluorescein and pHrodo iFL red for 30 min and imaged every min-
ute with a 63x oil objective Zeiss LSM980 Airyscan 2 microscope for a total period of 5 to 6 h.

Rhodamine-dextran internalisation

MDA-MB-231 cells were seeded at a density of 10° cells/well for 6 h on 0.1 mg/ml collagen I
(50 pl/well)-coated 8-well chamber. Then, cells were pretreated with DMSO or 50 uM
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$B202190 for 30 min. Cells were later incubated for 1 h with 0.25 mg/ml Rhodamine-dextran
in the presence of SB202190 or DMSO. Alternatively, MDA-MB-231 cells were seeded at a
density of 3 x 10° cells/dish on 35 mm glass-bottom dishes coated with 0.1 mg/ml collagen I
for 5 h in the presence of BTT-3033 or DMSO. Cells were later incubated for 1 h with 0.25 mg/
ml Rhodamine-dextran in the presence of the inhibitors or the vehicle control. Cells were then
fixed with 4% paraformaldehyde and stained for human B1 integrin (1:400 dilution). Vecta-
shield mounting medium with DAPI allowed the visualisation of the nuclei. Cell imaging was
carried out with a 60x objective Nikon A1 confocal microscope. Fiji/Image J [111] was used to
calculate Dextran uptake index [112].

Immunofluorescence

Cells were fixed with 4% (w/v) formaldehyde in PBS for 15 min. Next, cells were permeabilised
with 0.25% (v/v) Triton X-100 in PBS for 5 min and washed twice with PBS. For dextran inter-
nalisation assays, cells were not permeabilised. For ECM internalisation assays, cells were
stained with Phalloidin conjugated with Alexa Fluor 555, diluted 1:500 in PBS; cells were incu-
bated for 10 min at room temperature. For antibody staining, cells were blocked in 1% (w/v)
bovine serum albumin (BSA) for 1 h at room temperature. Cells were then incubated with the
respective primary antibodies for 1 h at room temperature. Anti-human ITGB1 antibody con-
jugated to Alexa Fluor 488 (1:400 in PBS) was used for the colocalisation experiments. For o2
integrin staining, cells were incubated with FITC anti-human CD49b antibody (1:200 dilution)
in PBS. For non-fluorescently conjugated antibodies, EEA1 and LAMP?2, cells were first incu-
bated with the primary antibody (1:100 in PBS) for 1 h at room temperature. Cells were then
washed thrice with PBS and incubated with the secondary antibody Alexa Fluor 488 Donkey
Anti-mouse (1:1,000) for 45 min at room temperature. Cells were washed 3 times with PBS
and once with ionised water. Vectashield antifade mounting media with DAPI was used for
nuclear staining and sample preservation. For colocalisation experiments, the “colocalization
colormap” Image]J plug-in was used [113].

siRNA transfection

For 384-well plates, 2.5 pl of 500 nM siGENOME siRNA and 2.5 pl Opti-MEM per well were
added into CellCarrier Ultra 384-well plates (Perkin Elmer), and 4.95 ul Opti-MEM was incu-
bated with 0.05 pl Dharmafect IV for 5 min, and 5 pl of the Dharmafect IV solution was added
into each well. Plates were incubated for 20 min on gentle rocker at RT; 3 x 10 cells were
seeded in 40 ul DMEM containing 10% FBS. The final concentration of the siRNA was 25 nM.
Cells were kept at 5% CO, and 37°C for 72 h. B1 integrin knockdown efficiency was analysed
in Columbus software. For 6-well plates, 10 pl 5 uM siRNA (S5 Table) were mixed with 190 pl
Opti-MEM into each well of a 6-well plate; 198 pl Opti-MEM and 2 pl Dharmafect I were
mixed and incubated for 5 min at RT. A total of 200 pl of the Opti-MEM Dharmafect I mix
was added on top of the siRNA and incubated for 20 min on a rocker, and 4 x 10° cells in 1.6
ml were added into each well. Cells were incubated at 37°C and 5% CO, for 72 h. Following
this time, cells were used for uptake experiments or analysis of knockdown efficiency by west-
ern blot or RT-qPCR. For PPP2R1A knockdown, cells were seeded on a glass bottom dish and
knockdown efficiency was analysed in Image]. Alternatively, for ITGA2 knockdown migration
and invasion assays in MDA-MB-231 cells, cells were seeded in 6-well plates. The next day,

5 ul of Lipofectamine-2000 were mixed in 250 pl of Opti-MEM (Solution A) and 5 pl of 20 uM
siRNA were mixed with 250 pl Opti-MEM (Solution B). Both solutions were mixed and incu-
bated for 20 min at room temperature. Plates containing adhered cells were washed once with
PBS and 500 pl of Solution A+B was added on top of each well, 500 ul of Optimem was added
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and cells were incubated for a period of 4 to 6 h. After this time, the media was aspirated and 2
ml of fresh 10% DMEM was added; alternatively, for 3D spheroid generation, knockdown cells
were cultured into methylcellulose drops for 48 h.

Western blotting

Confluent 6-well plates were harvested with 100 pl of lysis buffer (50 mM Tris-HCI (pH 7) and
1% SDS). For p38 activation/inhibition, cells were serum starved for 24 h, pretreated with
SB202190, SB253080, or DMSO for 1 h before being treated with 250 mM sorbitol for 15 min.
Cell lysates were collected and transferred into QiaShredder columns (Qiagen), which were
spun at 4°C for 10 min at 13,000 rpm. Extracted proteins were mixed in a 4:1 ratio with
NuPAGE buffer with a final concentration of 1 mM DTT; 15 pl to 25 pl of extracted proteins
in NuPAGE buffer and 0.5 ul protein ladder (BioLabs) were loaded into a Bio-Rad 4% to 15%
Mini-PROTEAN precast polyacrylamide gel. The gels were run at 100V constant voltage for 1
h and 15 min in running buffer (3 g Tris base, 14.4 g glycine, and 1 g SDS in 11 ionised water).
Afterwards, proteins were transferred to a FL-PVDF membrane using the Towbin transfer
buffer (25 mM Tris, 192 mM glycine, 20% methanol (v/v) (pH 8.3)). Membrane transfer was
performed at room temperature, constant voltage 100V for 1 h and 15 min. Membranes were
blocked in 5% milk for 1 h at room temperature. Membranes were washed twice TBST (50
mM Tris HCI, 150 mM NaCl, and 0.5% (w/v) Tween 20) and incubated 1 h and 30 min with
the primary antibody anti-human CD49b, anti-p38 MAPK, anti-phospho-p38 MAPK, and
mouse anti-human GAPDH in TBST. Membranes were washed thrice in TBST (10 min/
wash). Secondary antibodies were then applied for 1 h at room temperature. Anti-mouse IgG
secondary LiCOR IR Dye 800 antibody was diluted 1:30,000 in 0.01% (w/v) SDS TBST. Next, 3
TBST washes were performed and the last wash with deionized water. A LiCOR Odyssey Sa
system was used for imaging the membranes. The intensity of the bands was quantified with
Image Studio Lite software. Bands were normalised to GAPDH intensity.

Cell migration

For p38 inhibitor experiments, cells were serum starved for 16 to 18 h. Cells were detached
using TrypLE and neutralised with serum-free media, and 5 x 10* MDA-MB-231 cells per well
were seeded into a CDM-coated 12-well plate. Migration experiments were carried out with
5% FBS DMEM. DMSO, p38 MAPK inhibitors (10 uM and 50 uM SB202190 and SB203580),
and PP2A inhibitor (50 nM okadaic acid) were added at the time of cell seeding. Time-lapse
imaging was started after a 6-h incubation. Bafilomycin Al and E64d were added at the time
of seeding in 10% FBS DMEM. For knockdown experiments, cells were plated in complete
media and allowed to adhere for 6 h before imaging. Plates were imaged in a Nikon Inverted
Ti eclipse with Oko-lab environmental control chamber with a 10x/NA 0.45 objective. Cells
were incubated at 37°C and 5% CO,; images were acquired every 10 min for at least 7 h and
more than 40 cells per well were quantified per biological replicate. Individual cell migration
was manually tracked using MTrack2, a Fiji/Image] plugin. The chemotaxis tool plugin in Fiji/
Image J (https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html) was
used to calculate the velocity and directionality of migrating cells.

Wound healing

For wound healing experiments, SW1990 cells were detached using Trypsin-EDTA and neu-
tralised using 10% FBS DMEM. Cells were seeded into a 12-well plate and incubated overnight
to achieve confluency. Monolayers were manually scratched into a cross shape with the help of
a 200 pl pipette tip. Cells were covered by 0.5 mg/ml collagen I in 10% FBS DMEM (300 pl/
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well) and incubated for 30 min at 37°C to polymerise. After this time, 1 ml media was added
on top of the scratches in the presence of the vehicle (DMSO), 10 uM BTT-3033 or 50 uM
SB203580. Each branch of the scratches was imaged at 0 h, 3 h, and 6 h after adding the inhibi-
tors using an Olympus Inverted Fluorescence Microscope (4x objective). The area of the
scratch was calculated by tracing the perimeter of the non-invaded area using Fiji/Image J. The
invasion ratio was normalised to the area at time 0 h.

mRNA expression (RT-qPCR)

mRNA was extracted from snap-frozen samples, and stored at —80°C, according to the manu-
facturer’s protocol (RNeasy Mini-Qiagen). For one-way qPCR (analysis of MAP3K1,
Hs_MAP3K1_1_SG QuantiTect Primer Assay, Qiagen), Luna Universal One-Step RT-qPCR
Kit was used. Samples were prepared by adding less than 1 ug RNA, 5 pl Luna Universal One-
Step Reaction Mix, 0.5 pl Luna WarmStart RT Enzyme Mix, 0.8 mix forward and reverse
primer and toped up with RNase-free water for a total of 10 pl. For two-way qPCR (analysis of
MAPKI11; Hs_MAPK11_1_SG QuantiTect Primer Assay, Qiagen), cDNA was first synthesised
with High-Capacity cDNA Reverse Transcription Kit (Fisher). Afterwards, loading master mix
containing 5 pl QuantiNova SYBR Green PCR Kit (Qiagen) master mix, 1 ul forward and
reverse primer, and 1 pl RNase free water was prepped and mixed with 3 pl cDNA solution (5
ng/pl). Finally, for both methodologies used, 10 pl of the sample was loaded into a 384-well
plate. Quantstudio 12K flex real-time PCR system was used in the SYBR mode to analyse the
samples. Expression levels were calculated using the 27" method [114]. GAPDH was used
as a control (Hs_Gapdh_3_SG QuantiTect Primer Assay, Qiagen). Each sample was tested in 3
technical replicates.

DNA transfection

MDA-MB-231 stably expressing GFP was generated as described in [5]. Briefly, 8 x 10° cells/
well were seeded into a 6-well plate in 2 ml of 10% FBS DMEM without antibiotics. Confluent
cells were transfected with 2.5 pg of pSBtet-GB GFP Luciferase plasmid and 0.25 pg of the
sleeping beauty transposon plasmid, pPCMV(CAT)T7-SB100, and 250 pl of OptiMEM, 5 pl
p3000, and 3.75 pl Lipofectamine 3000, together with both plasmids were added on top of the
2 ml. Media was changed after 6 h. After 48 h, cells were selected with 2 pg/ml blasticidin.
After selection, cells were FACS sorted.

3D ECM internalisation and 3D spheroids

3D spheroids were generated by the hanging drop method, previously described in [115], and
2,000 cells per 20 ul drop containing 4.8 mg/ml methylcellulose (Sigma-Aldrich) and 20 pg/ml
soluble collagen I (BioEngineering) were pipetted on the lid of tissue culture dishes. Lids were
turned and put on top of the bottom reservoir of the dish, which was filled with PBS to prevent
evaporation. After 48 h, spheroids were embedded in 40 pl of 3 mg/ml rat tail collagen I (Corn-
ing) and 3 mg/ml Matrigel (Corning). For 3D uptake assays, ¥ (v/v) of the matrix solution was
labelled with a final concentration 20 pg/ml pHrodo containing 0.1 M sodium bicarbonate.
Cells were imaged live every 24 h until day 3 post-embedding for 0.2 integrin knockdown and
BTT-3033 treatment. For MAP3K1 knockdown, spheroids were imaged until day 4. Nikon A1
confocal (10x objective) was used to image whole spheroids. For invasion analysis, spheroids
were thresholded, and the area of the selected threshold was quantified in Fiji/Image J. The
invasion rate was defined as the ratio between the invasion area and the total area. For 3D
uptake, the pHrodo-ECM intensity in the spheroid was quantified.
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Overall survival, relapse-free survival, and ROC analysis

The survival analysis was performed using Kaplan-Meier plotter (https://kmplot.com/
analysis/), which can assess the effect of genes of interest on survival in 21 cancer types, includ-
ing pancreatic cancer. Sources for the databases include Gene Expression Omnibus (GEO),
European Genome-Phenome Archive (EGA), and The Cancer Genome Atlas (TCGA) [116].
RNA sequencing data from pancreatic ductal adenocarcinoma and normal pancreas was per-
formed using TNMplot (tnmplot.com), which enables a direct comparison of tumour and nor-
mal samples and runs a Mann-Whitney U test [117]. The ROC plotter was used to analyse the
link between gene expression and response to chemotherapy (including, taxane, anthracycline,
ixabepilone, CMF, FAC, and FEC) using transcriptome-level data of breast cancer patients
(https://www.rocplot.com/) [57]. Breast cancer data sets were identified in GEO (https://www.
ncbi.nlm.nih.gov/gds), using the platform IDs “GPL96,” “GPL570,” and “GPL571” and the
keywords “breast,” “cancer,” and “therapy.” For genes with multiple probes, Jetset was used to
select the most reliable probe set (https://services.healthtech.dtu.dk/services/jetset/).

Immunofluorescence of FFPE tissue samples

Samples were provided by SEARCHBreast (https://searchbreast.org/). Tissue slides were
deparaffinized and rehydrated. After antigen retrieval with sodium citrate buffer at pH 6, the
slides were blocked for endogenous peroxidase with 3% hydrogen peroxide, permeabilised
with 1% FBS, 0.5% Triton X-100 in PBS and blocked for non-specific binding with 5% FBS,
0.5% Triton X-100 in PBS. Staining for a2 integrin (Alexa-Fluor 488 anti-mouse CD49b, 1:200
in 5% FBS, 3% bovine serum albumin, 0.5% Triton X-100 in PBS) was performed overnight.
Alternatively, slides were stained for collagen I (1:200 in 1% FBS PBST) overnight and with
Alexa-Fluor 488 anti-rabbit IgG (1:500 in 1% FBS PBST) for 1 h. Slides were counterstained
with Hoechst-33342 and then mounted (ProLong Gold Antifade Mountant) before fluores-
cence imaging with Nikon Inverted Ti eclipse with a 10x/NA 0.45 objective. The mean inten-
sity of the mammary glands or tumour cells from the tissue sections was quantified using Fiji/
Image].

Statistical analysis

All the gathered data was normalised to the control population. Data representation and statis-
tical analysis were performed in GraphPad Prism (Version 9.4.1) software. Scatter plot data
are represented by SuperPlots, which enables the incorporation of cell-level data and experi-
mental repeatability in a single diagram [118]. Cell-level data is represented by dots. For
images acquired at Nikon A1 confocal, cell data is colour-coded in blue, red, and cantaloupe to
display individual biological replicates. SuperPlots include the average (mean) data in each
biological replicate for Nikon A1 confocal data. Average values or well data is represented by
squares. For images acquired in Opera Phenix microscope, blue, red, and cantaloupe squares
show mean biological replicates. Multiple squares with the same colour represent technical
replicates for each well. To compare 2 data sets, an unpaired ¢ test was used; to compare more
than 2 data sets, nonparametric one-way ANOVA was performed. High-throughput screening
data was normalised between the NT5 and NT5 in the presence of Bafilomycin Al (Normal-
ised index = (Matrigel uptake index—mean NT5)/(Mean NT5-Mean Bafilomycin Al)).

Supporting information

S1 Fig. The ECM was delivered to and degraded in the lysosomes. (a) NMuMG and
PyMT#1 cells were seeded on NHS Fluorescein-labelled 1 mg/ml matrigel for 12 h in the
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presence or absence of 20 uM E64d, fixed, stained for actin and nuclei and imaged with a
Nikon A1 confocal microscope. Scale bar, 20 M. Matrigel uptake index was calculated with
Image J. Data are presented as the normalised mean + SD; N = 3 independent experiments.
%p < 0.0001; Kruskal-Wallis test. (b) NMuMG and PyMT#1 cells were seeded on biotiny-
lated CDM for 12 h in the presence or absence of 20 um E64d, fixed, stained with streptavidin
Alexa Fluor 488, Phalloidin Alexa Fluor 555 and DAPI, imaged and quantified as in (a). Scale
bar, 20 um. Data are presented as the normalised mean + SD; N = 3 independent experiments.
**¥p < 0.0001; Kruskal-Wallis test. (¢, d) MDA-MB-231 cells were seeded on NHS Alexa
Fluor 555-labelled 1 mg/ml matrigel for 3 h, 5 h, 8 h, and 12 h, fixed, stained for EEA1 (c) or
LAMP?2 (d), actin and nuclei and imaged as in (a). Scale bar, 10 pm. Colocalisation was quanti-
fied with Image J. Data are presented as the mean + SEM; N = 3 independent experiments.

5 = 0,0057, ***p < 0.0001 (c); *p = 0.0207, **p = 0.0069, ***p = 0.0003 (d); One-way
ANOVA/Tukey’s multiple comparisons test. (¢) MDA-MB-231 cells were seeded on NHS-
fluorescein (green) and pHrodo-labelled (magenta) 1 mg/ml collagen I and imaged live for 5
h. Representative time frames from S1 Video are shown. Scale bar, 5 um. All the raw data asso-
ciated with this figure are available in S8 Data.

(TTF)

S2 Fig. A kinome and phosphatome screen identified regulators of matrigel internalisa-
tion. (a) Normalised cloud plot analysis from replicate 2. (b) First derivative of the curve for
hit threshold for replicate 2. (c) Correlation between replicate 1 and 2. (d) Representative
images of matrigel uptake in cells transfected with a non-targeting siRNA control (siNT) and
an siRNA targeting PAK1 (siPAK1). Scale bar, 20 um. (e) Data are presented as the normalised
*#*¥p < 0.0001; Kruskal-Wallis
test. (f) Screening plates were fixed and stained for B1 integrin (green) and nuclei (blue) and
imaged with 40x Opera Phenix microscope; scale bar, 60 um. Signal intensity was quantified
with Columbus Software. *p = 0.0286; Mann-Whitney test. (g) MDA-MB-231 cells were trans-
fected with an siRNA targeting PAK1 (siPAK1) or a non-targeting siRNA control (siNT).
PAKI1 and GAPDH protein levels was quantified by western blotting. Data are presented as
the normalised mean + SD; N = 4 independent experiments; *p = 0.0286; Mann-Whitney test.
(h) Z’ robust and standard for screening validation. (i) Diagram of MAPK activation pathways.
(j) Heatmap of major MAPKs in the kinome and phosphatome screen. N = 2 biological repli-
cates. Representative images for MAPK11. Scale bar, 20 pm. All the raw data associated with
this figure are available in S9 Data.

(TIF)

mean * SD; N = 6 replicates from 2 independent experiments.

S3 Fig. PP2A regulates collagen I uptake and cell morphology. (a) Representative scheme of
Protein Phosphatase 2A (PP2A) subunits. (b) Heatmap of major PP2A subunits in the kinome
and phosphatome screen. N = 2 biological replicates. (c) 3 x 10> MDA-MB-231 cells were cul-
tured on pHrodo-labelled collagen I for 6 h in the presence of 50 nM okadaic acid (Okad Ac.)
or water (Control), stained with 1 pg/ml Hoechst and imaged live. Scale bar, 20 um. Collagen I
uptake index was measured with Image J. Values represented are normalised mean + SD from
N =3 independent experiments; ****p < 0.0001; Kruskal-Wallis test. (d-g) MDA-MB-231 (d)
and A2780-Rab25 (e) cells were transfected with an siRNA targeting PPP2R1A (siPPP2R1A)
or a non-targeting siRNA control (siNT) and seeded on CDM. MDA-MB-231 (f) and
A2780-Rab25 (g) were seeded on CDM in the presence of 50 nM Okadaic acid or the control
(water). Cells were imaged live with a 10x Nikon Inverted Ti eclipse with Oko-lab environ-
mental control chamber for 17 h. Aspect ratio (AR) was calculated with Image J at 6 h, 12 h,
and 18 h after cell seeding. Scale bar, 50 pm. Values represented are AR from single cells, mean
AR + SD from N = 3 independent experiments; ****p < 0.0001; Kruskal-Wallis test. All the
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raw data associated with this figure are available in S10 Data.
(TIF)

S4 Fig. 02 and B1 integrin mediated ECM internalisation in cancer cells. (a) MDA-MB-231
cells transfected with an siRNA targeting B1 integrin (silTGBI1) or a non-targeting siRNA con-
trol (siNT), plated on pHrodo-labelled 0.5 mg/ml matrigel for 6 h, stained with 1 ug/ml
Hoechst and imaged live. Data are presented as the normalised mean + SD; N = 3 independent
experiments. ****p < 0.0001; Mann-Whitney test. (b) MDA-MB-231 cells were seeded on
NHS Alexa Fluor 555-labelled 1 mg/ml matrigel for 3 h, 5 h, 8 h, and 12 h, fixed and stained
for B1 integrin (ITGB1), actin and nuclei. Scale bar, 10 pm. Data are presented as the

mean = SEM; N = 3 independent experiments. (¢, d) A2780-Rab25 cells were transfected with
an siRNA targeting a2 integrin (silTGA2) or a non-targeting siRNA control (siNT), seeded on
pHrodo-labelled CDM (c) or collagen I (d) for 6 h, stained with 1 ug/ml Hoechst and imaged
live. Data are presented as the normalised mean + SD; N = 3 independent experiments.

*%p < 0.0001; Mann—-Whitney test. (e) YEJ P cells were allowed to adhere to pHrodo-labelled
1 mg/ml collagen I for 2 h, treated with 5 uM BTT-3033 or DMSO for 14 h, stained with 1 pg/
ml Hoechst and imaged live. Data are presented as the normalised mean + SD; N = 3 indepen-
dent experiments. ****p < 0.0001; Mann-Whitney test. (f) SW1990 cells were seeded on
pHrodo-labelled 1 mg/ml collagen I for 2 h, treated with 10 pM BTT-3033 or DMSO for 4 h,
stained with 1 ug/ml Hoechst and imaged live. Data are presented as the normalised

mean + SD; N = 3 independent experiments. ****p < 0.0001; Mann-Whitney test. (g) Cells
were transfected with an siRNA targeting o2 integrin (silTGA2) or a non-targeting siRNA
control (siNT) for 72 h, lysed and o2 integrin and GAPDH protein levels were measured by
western blotting. Data are presented as the normalised mean + SD; N = 4 independent repli-
cates. *p = 0.0286; Mann-Whitney test. All the raw data associated with this figure are available
in S11 Data.

(TIF)

S5 Fig. p38 MAPK inhibition reduced ECM internalisation. (a) Schematic representation of
MAPK inhibitors. (b) MDA-MB-231 cells were serum starved for 16 to 18 h, and 10* cells
were seeded on pHrodo-labelled ECM for 6 h in the presence of DMSO or MAPK inhibitors
in 0% FBS, stained with 1 ug/ml Hoechst and imaged live. Data analysis was performed with
Columbus software. (c) A2780-Rab25 cells were serum starved for 16 to 18 h; 3 x 10° cells
were seeded on pHrodo-labelled CDM for 6 h in the presence of DMSO, 10 uM or 50 uM
$B202190 in 5% FBS, stained with Hoechst and imaged live. Scale bar, 20 um. CDM uptake
was quantified with Image]. Values represented are normalised mean + SD from N = 3 inde-
pendent experiments; ****p < 0.0001; Kruskal-Wallis test. (d) A2780-Rab25 cells were serum
starved for 16 to 18 h, and 3 x 10° cells were cultured on 1 mg/ml collagen I, labelled with
NHS-Alexa fluor 555, for 6 h in the presence of DMSO, 10 uM or 50 uM SB202190 in 5% FBS.
Cells were fixed and stained for actin and nuclei. Scale bar, 20 um. Collagen I uptake was quan-
tified with Image]J. Values represented are normalised mean + SD from N = 3 independent
experiments; ****p < 0.0001; Kruskal-Wallis test. (e) YE]J P cells were serum starved for 18 h,
and 3 x 10° cells were seeded on pHrodo-labelled 1 mg/ml collagen I for 16 h in the presence
of DMSO or 10 uM $B203580 in 5% FBS, stained with Hoechst and imaged live. Scale bar,

20 um. Collagen I uptake was quantified with Image]. Values represented are normalised
mean + SD from N = 3 independent experiments; ****p < 0.0001; Mann-Whitney test. (f)
SW1990 cells were serum starved for 18 h, and 3 x 10° cells were cultured on pHrodo-labelled
1 mg/ml collagen I for 6 h in the presence of DMSO, 10 uM or 50 uM SB203580 in 5% FBS,
stained with Hoechst and imaged live. Scale bar, 20 pm. Collagen I uptake was quantified with
Image]. Values represented are normalised mean + SD from N = 3 independent experiments;
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¥ < 0.0001; Kruskal-Wallis test. All the raw data associated with this figure are available in
S12 Data.
(TIF)

$6 Fig. MAP3K1, MAPK11, and PPP2R1A knockdown decreased ECM internalisation. (a)
A2780-Rab25 cells were transfected with an siRNA targeting MAPK3K1 (siMAP3K1), an
siRNA targeting MAPK11 (siMAPK11), an siRNA targeting PPP2R1A (siPPP2R1A), or a
non-targeting siRNA control (siNT), seeded on pHrodo-labelled CDM for 6 h, stained with

1 pg/ml Hoechst and imaged live. Scale bar, 20 um. (b) CDM uptake index was calculated with
Image J. Values represented are normalised mean + SD from N = 3 independent experiments;
*#*¥p < 0.0001; Kruskal-Wallis test. (c) A2780-Rab25 cells were transfected as in (a), seeded
on 1 mg/ml collagen I, labelled with NHS-Alexa fluor 555, for 6 h, fixed and stained for nuclei.
Scale bar, 20 pm. (d) Collagen I uptake index was calculated with Image J. Values represented
are normalised mean + SD from N = 3 independent experiments; ****p < 0.0001; Kruskal-
Wallis test. (e, f) MDA-MB-231 (e) and A2780-Rab25 (f) cells were transfected with an siRNA
targeting MAP3K1 (siMAP3K1) or a non-targeting siRNA control (siNT), RNA was extracted
and MAP3K1 expression was quantified by qPCR. Normalised data from N = 3 independent
experiments; **p = 0.0022; ***p = 0.0003; Mann-Whitney test. (g, h) MDA-MB-231 (g) and
A2780-Rab25 (h) cells were transfected with an siRNA targeting MAPK11 (siMAPK11) or a
non-targeting siRNA control (siNT), RNA was extracted and MAPK11 expression was quanti-
fied by qPCR. Normalised data from N = 3 independent experiments; ****p < 0.0001; Krus-
kal-Wallis test. (i) MDA-MB-231 cells overexpressing PPP2R1A-GFP were transfected with
an siRNA targeting PPP2R1A (siPPP2R1A) or a non-targeting siRNA control (siNT), fixed
and stained for nuclei. GFP normalised mean intensity + SD from N = 3 independent experi-
ments is shown; ****p < 0.0001; Mann-Whitney test. (j, k) MDA-MB-231 cells were trans-
fected with an siRNA targeting MAPK11 (siMAPKI11, j), an siRNA targeting PPP2R1A
(siPPP2R1A, k) or a non-targeting siRNA control (siNT), o2 integrin (ITGA2) and GAPDH
protein levels was quantified by western blotting. Data are presented as the normalised

mean + SD; N = 4 independent experiments; *p = 0.0286; Mann-Whitney test. All the raw
data associated with this figure are available in S13 Data.

(TIF)

S7 Fig. Individual MAPK11 siRNAs impaired collagen I uptake. (a) MDA-MB-231 cells
were transfected with 3 individual siRNA targeting MAPK11 (siMAPK11-7, 9, and 10) or a
non-targeting siRNA control (siNT), seeded on pHrodo-labelled 1 mg/ml collagen I for 6 h,
stained with 1 pg/ml Hoechst and imaged live. Scale bar, 20 pm. (b) Collagen I uptake index
was calculated with Image J. Values represented are normalised mean + SD from N = 3 inde-
pendent experiments; ****p < 0.0001; Kruskal-Wallis test. (c) MDA-MB-231 cells were trans-
fected as in (a), RNA was extracted and MAPK11 expression was quantified by qPCR.
Normalised data from N = 4 independent experiments; ****p < 0.0001; **p = 0.0065; Kruskal-
Wallis test. All the raw data associated with this figure are available in S14 Data.

(TIF)

S8 Fig. Collagen I-bound a2B1 integrin was degraded in the lysosomes following internali-
sation. (a) MDA-MB-231 cells were seeded on NHS-Alexa Fluor 555-labelled 1 mg/ml colla-
gen I for 24 h in the presence of 20 mM E64d, 200 nM Bafilomycin Al (BafAl) or DMSO
control, stained with 1 ug/ml Hoechst and imaged live. Scale bar, 20 um. (b) Collagen I inter-
nal pool was calculated with Image J. Values represented are normalised mean + SD from

N = 3 independent experiments; ****p < 0.0001; Kruskal-Wallis test. (¢) MDA-MB-231 cells
treated as in (a), fixed and stained for o2 integrin (ITGA2, green), actin (red), and nuclei
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(blue). Scale bar, 20 um. (d) o2 integrin internal pool was calculated with Image J. Values rep-
resented are normalised mean + SD from N = 3 independent experiments; ****p < 0.0001;
Kruskal-Wallis test. () MDA-MB-231 cells were seeded on 1 mg/ml collagen I for 24 h in the
presence of 200 nM Bafilomycin Al (BafA1) or DMSO control, 02 integrin (ITGA2), and
GAPDH protein levels was quantified by western blotting. Data are presented as the normal-
ised mean + SD; N = 4 independent experiments; *p = 0.0286; Mann—Whitney test. All the raw
data associated with this figure are available in S15 Data.

(TIF)

S9 Fig. p38 and a2 integrin inhibition reduced macropinocytosis of soluble dextran in
MDA-MB-231 cells. (a) Schematic representation of the experimental set up. (b) MDA-MB-
231 cells were seeded on 0.1 mg/ml collagen I for 6 h, pretreated with DMSO (vehicle) or

50 um SB202190 for 30 min, incubated with 0.25 mg/ml rhodamine-dextran (red) for 1 h in
the presence of DMSO or SB202190, fixed and stained for B1 integrin (ITGB1) and nuclei.
Scale bar, 20 uM. Dextran uptake index was measured with Image J. Data are presented as the
normalised mean + SD; N = 3 independent experiments. ****p < 0.0001; Mann-Whitney test.
(c) MDA-MB-231 cells were seeded on 0.1 mg/ml collagen I for 6 h in the presence of DMSO
(vehicle) or 10 uM BTT-3033, incubated with 0.25 mg/ml rhodamine-dextran (red) for 1 h,
fixed and stained for B1 integrin (ITGB1) and nuclei. Scale bar, 20 um. Dextran uptake index
was measured with Image J. Data are presented as the normalised mean + SD; N = 3 indepen-
dent experiments. ****p < 0.0001; Mann-Whitney test. (d) MDA-MB-231 cells were trans-
fected with an siRNA targeting 02 integrin (silTGA2) or a non-targeting siRNA control
(siNT), seeded on 0.1 mg/ml collagen I for 6 h, incubated with 0.25 mg/ml rhodamine-dextran
(red) for 1 h, fixed and stained for B1 integrin (ITGB1) and nuclei. Scale bar, 20 pm. Data are
presented as the normalised mean + SD; N = 3 independent experiments. ****p < 0.0001;
Mann-Whitney test. All the raw data associated with this figure are available in S16 Data.
(TIF)

$10 Fig. Regulators of ECM internalisation were required for ovarian and pancreatic can-
cer cell migration. (a-c) A2780-Rab25 cells were transfected with an siRNA targeting
MAP3K1 (siMAP3K1), an siRNA targeting MAPK11 (siMAPK11), an siRNA targeting
PPP2RIA (siPPP2R1A), an siRNA targeting o2 integrin (si-ITGA2), or a non-targeting siRNA
control (siNT), seeded on CDM for 6 h and imaged live with a 10x Nikon Inverted Ti eclipse
with Oko-lab environmental control chamber for 17 h. Spider plots show the migration paths
of manually tracked cells (directionality >0.5 in black, <0.5 in red). Box and whisker plots rep-
resent 5-95 percentile, + represents the mean, dots are <5% and >95%; N = 3 independent
experiments. ****p < 0.0001; Kruskal-Wallis test. (d) A2780-Rab25 cells were seeded on
CDM for 6 h in the presence of DMSO (Ctrl.) or 50 uM SB203580 and imaged live with a 10x
Nikon Inverted Ti eclipse with Oko-lab environmental control chamber for 17 h. Spider plots
show the migration paths of manually tracked cells (directionality >0.5 in black, <0.5 in red).
Box and whisker plots represent 5-95 percentile, + represents the mean, dots are <5% and
>95%; N = 3 independent experiments. ****p < 0.0001; Kruskal-Wallis test. (e) A2780-Rab25
cells were seeded on CDM for 6 h in the presence of the vehicle (water, Ctrl.) and 50 nM Oka-
daic acid (Okad Ac.) and imaged live with a 10x Nikon Inverted Ti eclipse with Oko-lab envi-
ronmental control chamber for 17 h. Spider plots show the migration paths of manually
tracked cells (directionality >0.5 in black, <0.5 in red). Box and whisker plots represent 5-95
percentile, + represents the mean, dots are <5% and >95%; N = 3 independent experiments.
##*¥p < 0.0001; Kruskal-Wallis test. (f) SW1990 cell confluent monolayers were scratched and
overlaid with 0.5 mg/ml collagen I and cells were imaged at 0 h, 3 h, and 6 h. Yellow lines indi-
cate the wound edges. The bar graph shows the normalised relative gap area + SEM. N = 4
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independent experiments. *p < 0.0213, **p = 0.0025; 2-way ANOVA. All the raw data associ-
ated with this figure are available in S17 Data.
(TIF)

S11 Fig. ECM lysosomal degradation was required for breast cancer cell migration.
MDA-MB-231 cells were seeded on CDM in the presence of 200 nM Bafilomycin Al (BafAl),
20 uM E64d, or DMSO control for 6 h and imaged live with a 10x Nikon Inverted Ti eclipse
with Oko-lab environmental control chamber for 17 h. Spider plots show the migration paths
of manually tracked cells (directionality >0.5 in black, <0.5 in red). Bar, 200 mm. Box and
whisker plots represent 5-95 percentile, + represents the mean, dots are <5% and >95%;

N =1 independent experiments. ***p = 0.0002, ****p < 0.0001; Kruskal-Wallis test. All the
raw data associated with this figure are available in S18 Data.

(TIF)

S12 Fig. NHE1 was required for collagen I uptake and directional cell migration. (a) Sche-
matic, NHE1 promotes macropinocytosis. (b) MDA-MB-231 cells were transfected with an
siRNA targeting NHE1 (siNHE1) or a non-targeting siRNA control (siNT), seeded on
pHrodo-labelled 1 mg/ml collagen I for 6 h, stained with 1 pg/ml Hoechst and imaged live.
Scale bar, 30 um. Collagen I uptake index was calculated with Image J. Values represented are
normalised mean + SD from N = 3 independent experiments; ****p < 0.0001; Mann-Whitney
test. (¢) MDA-MB-231 cells were transfected as in (a), seeded on CDM and imaged live with a
10x Nikon Inverted Ti eclipse with Oko-lab environmental control chamber for 17 h. Spider
plots show the migration paths of manually tracked cells (directionality >0.5 in black, <0.5 in
red). Bar, 200 mm. Box and whisker plots represent 5-95 percentile, + represents the mean,
dots are <5% and >95%; N = 3 independent experiments. ****p < 0.0001; Kruskal-Wallis
test. (d) Cells were transfected as in (a) for 72 h, lysed and NHE1 and GAPDH protein levels
were measured by western blotting. Data are presented as the normalised mean + SD; N = 4
independent replicates. *p = 0.0286; Mann-Whitney test. All the raw data associated with this
figure are available in S19 Data.

(TIF)

$13 Fig. 02 integrin is up-regulated in mouse mammary tumours and MAP3K1, MAPK11,
PPP2R1A, and a2 integrin expression is higher in chemotherapy-resistant breast cancer
patients. (a, b) Tissue sections from polyoma middle T-derived mouse mammary tumours
were stained for collagen I (black) and nuclei (blue) (a) or 02 integrin (ITGA2, b); * highlights
the stroma, arrow-head indicate collagen I-positive vesicles. Scale bar, 10 pum (a) and 50 pm
(b). (¢) 02 integrin mean intensity was quantified with Image J; N = 3 independent experi-
ments. ****p < 0.0001; Kruskal-Wallis test. (d-g) RNA sequencing data and ROC analysis for
MAP3K1 (a), MAPK11 (b), PPP2RI1A (c), and 02 integrin (ITGA2, d) from chemoresistant
(non-responder (NR)) and chemosensitive (responder (R)) breast cancer tumours.

**p =0.0090; ***p = 0.0002; ****p < 0.0001; Mann-Whitney test. All the raw data associated
with this figure are available in S20 Data.

(TIF)

S1 Video. MDA-MB-231 cells internalised and acidified collagen I. MDA-MB-231 cells
were seeded on NHS-fluorescein (green) and pHrodo-labelled 1 mg/ml collagen I (magenta),
cells were allowed to adhere for 30 min before being imaged live for 5 h every minute with a
63x oil objective Zeiss LSM980 Airyscan 2 microscope with environmental chamber. Video
corresponding to S1E Fig.

(AVI)
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$2 Video. MDA-MB-231 cells internalised collagen I during cell migration. MDA-MB-231
cells were seeded on NHS-fluorescein (green) and pHrodo-labelled 1 mg/ml collagen I
(magenta), cells were allowed to adhere for 30 min and imaged live for 5 h every minute with a
63x oil objective Zeiss LSM980 Airyscan 2 microscope with environmental chamber. Video
corresponding to Fig 5a.

(MOV)

$3 Video. MDA-MB-231 cells internalised CDM during cell migration. MDA-MB-231 cells
were seeded on pHrodo-labelled CDM (red) for 6 h before imaging for an additional period of
6 h with a 10x objective from a Nikon Inverted Ti eclipse with Oko-lab environmental control
chamber. Video corresponding to Fig 5b.

(AVI)

S1 Table. Raw data values for Matrigel uptake index. Data were normalised between NT5
+BafAl (-1) and NT5 (0). Hits are shown in blue, while controls are in green.
(XLSX)

S2 Table. Reactome analysis of the positive and negative regulator hits obtained in the
screening.
(XLSX)

S3 Table. Data were normalised between NT5+BafA1 (-1) and NT5 (0). The table shows
kinome and phosphatome results and deconvolution of 4 individual siRNAs (2 biological rep-
licates, 2 technical replicates per biological replicate). Validated positive regulators are
highlighted in orange, while negative regulators are in green. Controls (ITGB1 and PAK]1) are
in dark red, NT5+BafAl is in pink, and NT5 is blue.

(XLSX)

$4 Table. Cell seeding values for generation of cell derived matrices.
(XLSX)

S5 Table. siRNA information.
(XLSX)

S$1 Raw Images. Original western blot images used to prepare Figs 3f, S2g, S4g, S6j, S6k,
S8e, and S12d.
(PDF)

S1 Data. Numerical data used for the generation of the graphs presented in Fig 1. The bio-
logical replicates are colour coded.
(XLSX)

$2 Data. Numerical data used for the generation of the graphs presented in Fig 2. The bio-
logical replicates are colour coded.
(XLSX)

$3 Data. Numerical data used for the generation of the graphs presented in Fig 3. The bio-
logical replicates are colour coded.
(XLSX)

$4 Data. Numerical data used for the generation of the graphs presented in Fig 4. The bio-
logical replicates are colour coded.
(XLSX)
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S5 Data. Numerical data used for the generation of the graphs presented in Fig 5. The bio-
logical replicates are colour coded.
(XLSX)

S6 Data. Numerical data used for the generation of the graphs presented in Fig 6. The bio-
logical replicates are colour coded.
(XLSX)

S7 Data. Numerical data used for the generation of the graphs presented in Fig 7. The bio-
logical replicates are colour coded.
(XLSX)

$8 Data. Numerical data used for the generation of the graphs presented in S1 Fig. The bio-
logical replicates are colour coded.
(XLSX)

S9 Data. Numerical data used for the generation of the graphs presented in S2 Fig. The bio-
logical replicates are colour coded.
(XLSX)

$10 Data. Numerical data used for the generation of the graphs presented in S3 Fig. The
biological replicates are colour coded.
(XLSX)

S11 Data. Numerical data used for the generation of the graphs presented in S4 Fig. The
biological replicates are colour coded.
(XLSX)

$12 Data. Numerical data used for the generation of the graphs presented in S5 Fig. The
biological replicates are colour coded.
(XLSX)

$13 Data. Numerical data used for the generation of the graphs presented in S6 Fig. The
biological replicates are colour coded.
(XLSX)

S14 Data. Numerical data used for the generation of the graphs presented in S7 Fig. The
biological replicates are colour coded.
(XLSX)

$15 Data. Numerical data used for the generation of the graphs presented in S8 Fig. The
biological replicates are colour coded.
(XLSX)

$16 Data. Numerical data used for the generation of the graphs presented in S9 Fig. The
biological replicates are colour coded.
(XLSX)

$17 Data. Numerical data used for the generation of the graphs presented in S10 Fig. The
biological replicates are colour coded.
(XLSX)

$18 Data. Numerical data used for the generation of the graphs presented in S11 Fig. The
biological replicates are colour coded.
(XLSX)
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$19 Data. Numerical data used for the generation of the graphs presented in S12 Fig. The
biological replicates are colour coded.
(XLSX)

§20 Data. Numerical data used for the generation of the graphs presented in S13 Fig. The
biological replicates are colour coded.
(XLSX)

Acknowledgments

Imaging work was performed at the Wolfson Light Microscopy Facility, University of Shef-
field, using the Nikon A1 confocal, Nikon widefield and Airyscan microscope. High-through-
put imaging was performed in the RNAI screening facility in IMCB, Singapore. FACS sorting
was performed by SIgN (A*STAR, Singapore). gPCR analysis was performed in collaboration
with the Tsakiridis lab at the University of Sheftield. We would like to acknowledge Marga
Albu for developing the Image ] macro used for ECM uptake quantification. We thank Dr.
Rebecca Bennion for the critical reading and proofreading of the manuscript.

The Wolfson Light Microscopy Facility, University of Sheffield, is funded by the Wellcome
Trust (grant WT093134AIA).

Author Contributions

Conceptualization: Montserrat Llanses Martinez, Elena Rainero.
Data curation: Montserrat Llanses Martinez, Joe Tyler.

Formal analysis: Montserrat Llanses Martinez.

Funding acquisition: Frederic A. Bard, Elena Rainero.

Investigation: Montserrat Llanses Martinez, Keqian Nan, Zhe Bao, Rachele Bacchetti, Sheng-
nan Yuan, Joe Tyler.

Methodology: Montserrat Llanses Martinez, Keqian Nan, Zhe Bao, Rachele Bacchetti, Joe
Tyler, Xavier Le Guezennec.

Project administration: Elena Rainero.
Supervision: Xavier Le Guezennec, Frederic A. Bard, Elena Rainero.

Writing - review & editing: Xavier Le Guezennec, Elena Rainero.

References

1. Caswell PT, Chan M, Lindsay AJ, McCaffrey MW, Boettiger D, Norman JC. Rab-coupling protein coor-
dinates recycling of alpha5beta1 integrin and EGFR1 to promote cell migration in 3D microenviron-
ments. J Cell Biol. 2008; 183:143—-155. https://doi.org/10.1083/jcb.200804140 PMID: 18838556

2. LeeJW, Juliano RL. alpha5beta1 integrin protects intestinal epithelial cells from apoptosis through a
phosphatidylinositol 3-kinase and protein kinase B-dependent pathway. Mol Biol Cell. 2000; 11:1973—
1987. https://doi.org/10.1091/mbc.11.6.1973 PMID: 10848623

3. Bansaccal N, Vieugue P, Sarate R, Song Y, Minguijon E, Miroshnikova YA, et al. The extracellular
matrix dictates regional competence for tumour initiation. Nature. 2023. https://doi.org/10.1038/
s41586-023-06740-y PMID: 37968399

4. Winkler J, Abisoye-Ogunniyan A, Metcalf KJ, Werb Z. Concepts of extracellular matrix remodelling in
tumour progression and metastasis. Nat Commun. 2020; 11:5120. https://doi.org/10.1038/s41467-
020-18794-x PMID: 33037194

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 33/39


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002930.s041
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002930.s042
https://doi.org/10.1083/jcb.200804140
http://www.ncbi.nlm.nih.gov/pubmed/18838556
https://doi.org/10.1091/mbc.11.6.1973
http://www.ncbi.nlm.nih.gov/pubmed/10848623
https://doi.org/10.1038/s41586-023-06740-y
https://doi.org/10.1038/s41586-023-06740-y
http://www.ncbi.nlm.nih.gov/pubmed/37968399
https://doi.org/10.1038/s41467-020-18794-x
https://doi.org/10.1038/s41467-020-18794-x
http://www.ncbi.nlm.nih.gov/pubmed/33037194
https://doi.org/10.1371/journal.pbio.3002930

PLOS BIOLOGY

ECM-bound integrin uptake controls invasive cell migration

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Nazemi M, Yanes B, Martinez ML, Walker HJ, Pham K, Collins MO, et al. The extracellular matrix sup-
ports breast cancer cell growth under amino acid starvation by promoting tyrosine catabolism. PLoS
Biol. 2024; 22:€3002406. https://doi.org/10.1371/journal.pbio.3002406 PMID: 38227562

Heino J. The collagen receptor integrins have distinct ligand recognition and signaling functions. Matrix
Biol. 2000; 19:319-323. https://doi.org/10.1016/s0945-053x(00)00076-7 PMID: 10963992

Schiro JA, Chan BM, Roswit WT, Kassner PD, Pentland AP, Hemler ME, et al. Integrin alpha 2 beta 1
(VLA-2) mediates reorganization and contraction of collagen matrices by human cells. Cell. 1991;
67:403—-410. https://doi.org/10.1016/0092-8674(91)90191-z PMID: 1913826

Etoh T, Thomas L, Pastel-Levy C, Colvin RB, Mihm MC Jr, Byers HR. Role of integrin alpha 2 beta 1
(VLA-2) in the migration of human melanoma cells on laminin and type IV collagen. J Invest Dermatol.
1993; 100:640-647. https://doi.org/10.1111/1523-1747.ep12472299 PMID: 8491987

Bassagarias S, Carvalho S, Dias AM, Pérez-Garay M, Ortiz MR, Figueras J, et al. Pancreatic cancer
cell glycosylation regulates cell adhesion and invasion through the modulation of a2@31 integrin and E-
cadherin function. PLoS ONE. 2014; 9:98595.

Adorno-Cruz V, Liu H. Regulation and functions of integrin o2 in cell adhesion and disease. Genes
Dis. 2019; 6:16-24.

Naci D, Vuori K, Aoudjit F. Alpha2betai integrin in cancer development and chemoresistance. Semin
Cancer Biol. 2015; 35:145—-153. https://doi.org/10.1016/j.semcancer.2015.08.004 PMID: 26297892

Cargnello M, Roux PP. Activation and function of the MAPKSs and their substrates, the MAPK-activated
protein kinases. Microbiol Mol Biol Rev. 2011; 75:50-83. https://doi.org/10.1128/MMBR.00031-10
PMID: 21372320

Bardwell L. Mechanisms of MAPK signalling specificity. Biochem Soc Trans. 2006; 34:837-841.
https://doi.org/10.1042/BST0340837 PMID: 17052210

Kudaravalli S, den Hollander P, Mani SA. Role of p38 MAP kinase in cancer stem cells and metastasis.
Oncogene. 2022; 41:3177-3185. https://doi.org/10.1038/s41388-022-02329-3 PMID: 35501462

Dornier E, Rabas N, Mitchell L, Novo D, Dhayade S, Marco S, et al. Glutaminolysis drives membrane
trafficking to promote invasiveness of breast cancer cells. Nat Commun. 2017; 8:2255. https://doi.org/
10.1038/s41467-017-02101-2 PMID: 29269878

Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller WJ, et al. Progression to malignancy in the polyoma
middle T oncoprotein mouse breast cancer model provides a reliable model for human diseases. Am J
Pathol. 2003; 163:2113-2126. https://doi.org/10.1016/S0002-9440(10)63568-7 PMID: 14578209

Rainero E. Extracellular matrix endocytosis in controlling matrix turnover and beyond: emerging roles
in cancer. Biochem Soc Trans. 2016; 44:1347—1354. https://doi.org/10.1042/BST20160159 PMID:
27911717

Kijgller L, Engelholm LH, Hgyer-Hansen M, Dang K, Bugge TH, Behrendt N. uPARAP/endo180 directs
lysosomal delivery and degradation of collagen IV. Exp Cell Res. 2004; 293:106—116. https://doi.org/
10.1016/j.yexcr.2003.10.008 PMID: 14729061

Diering GH, Numata M. Endosomal pH in neuronal signaling and synaptic transmission: role of Na
(+)/H(+) exchanger NHES5. Front Physiol. 2014; 4:412. https://doi.org/10.3389/fphys.2013.00412
PMID: 24454292

Serfass JM, Takahashi Y, Zhou Z, Kawasawa Y, Liu Y, Tsotakos N, et al. Endophilin B2 facilitates
endosome maturation in response to growth factor stimulation, autophagy induction, and influenza A
virus infection. J Biol Chem. 2017; 292:10097—-10111. https://doi.org/10.1074/jbc.M117.792747
PMID: 28455444

Naufer A, Hipolito VEB, Ganesan S, Prashar A, Zaremberg V, Botelho RJ, et al. pH of endophago-
somes controls association of their membranes with Vps34 and Ptdins(3)P levels. J Cell Biol. 2018;
217:329-346. https://doi.org/10.1083/jcb.201702179 PMID: 29089378

Surzhikova D, Gerasimova M, Tretyakova V, Plotnikov A, Slyusareva E. Emission properties of fluo-
rescein in strongly acidic solutions. J Photochem Photobiol A Chem. 2021; 413:113233.

Chia J, Goh G, Racine V, Ng S, Kumar P, Bard F. RNAi screening reveals a large signaling network
controlling the Golgi apparatus in human cells. Mol Syst Biol. 2012; 8:629. https://doi.org/10.1038/
msb.2012.59 PMID: 23212246

Zhang JH, Chung TD, Oldenburg KR. A Simple Statistical Parameter for Use in Evaluation and Valida-
tion of High Throughput Screening Assays. J Biomol Screen. 1999; 4:67-73. https://doi.org/10.1177/
108705719900400206 PMID: 10838414

Fabregat A, Sidiropoulos K, Viteri G, Forner O, Marin-Garcia P, Arnau V, et al. Reactome pathway
analysis: a high-performance in-memory approach. BMC Bioinformatics. 2017; 18:142. https://doi.org/
10.1186/s12859-017-1559-2 PMID: 28249561

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 34/39


https://doi.org/10.1371/journal.pbio.3002406
http://www.ncbi.nlm.nih.gov/pubmed/38227562
https://doi.org/10.1016/s0945-053x%2800%2900076-7
http://www.ncbi.nlm.nih.gov/pubmed/10963992
https://doi.org/10.1016/0092-8674%2891%2990191-z
http://www.ncbi.nlm.nih.gov/pubmed/1913826
https://doi.org/10.1111/1523-1747.ep12472299
http://www.ncbi.nlm.nih.gov/pubmed/8491987
https://doi.org/10.1016/j.semcancer.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26297892
https://doi.org/10.1128/MMBR.00031-10
http://www.ncbi.nlm.nih.gov/pubmed/21372320
https://doi.org/10.1042/BST0340837
http://www.ncbi.nlm.nih.gov/pubmed/17052210
https://doi.org/10.1038/s41388-022-02329-3
http://www.ncbi.nlm.nih.gov/pubmed/35501462
https://doi.org/10.1038/s41467-017-02101-2
https://doi.org/10.1038/s41467-017-02101-2
http://www.ncbi.nlm.nih.gov/pubmed/29269878
https://doi.org/10.1016/S0002-9440%2810%2963568-7
http://www.ncbi.nlm.nih.gov/pubmed/14578209
https://doi.org/10.1042/BST20160159
http://www.ncbi.nlm.nih.gov/pubmed/27911717
https://doi.org/10.1016/j.yexcr.2003.10.008
https://doi.org/10.1016/j.yexcr.2003.10.008
http://www.ncbi.nlm.nih.gov/pubmed/14729061
https://doi.org/10.3389/fphys.2013.00412
http://www.ncbi.nlm.nih.gov/pubmed/24454292
https://doi.org/10.1074/jbc.M117.792747
http://www.ncbi.nlm.nih.gov/pubmed/28455444
https://doi.org/10.1083/jcb.201702179
http://www.ncbi.nlm.nih.gov/pubmed/29089378
https://doi.org/10.1038/msb.2012.59
https://doi.org/10.1038/msb.2012.59
http://www.ncbi.nlm.nih.gov/pubmed/23212246
https://doi.org/10.1177/108705719900400206
https://doi.org/10.1177/108705719900400206
http://www.ncbi.nlm.nih.gov/pubmed/10838414
https://doi.org/10.1186/s12859-017-1559-2
https://doi.org/10.1186/s12859-017-1559-2
http://www.ncbi.nlm.nih.gov/pubmed/28249561
https://doi.org/10.1371/journal.pbio.3002930

PLOS BIOLOGY

ECM-bound integrin uptake controls invasive cell migration

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Gallagher E, Enzler T, Matsuzawa A, Anzelon-Mills A, Otero D, Holzer R, et al. Kinase MEKK1 is
required for CD40-dependent activation of the kinases Jnk and p38, germinal center formation, B cell
proliferation and antibody production. Nat Immunol. 2007; 8:57—63. https://doi.org/10.1038/ni1421
PMID: 17143273

Yousaf R, Meng Q, Hufnagel RB, Xia Y, Puligilla C, Ahmed ZM, et al. MAP3K1 function is essential for
cytoarchitecture of the mouse organ of Corti and survival of auditory hair cells. Dis Model Mech. 2015;
8:1543-1553. https://doi.org/10.1242/dmm.023077 PMID: 26496772

Baker EK, Solivio B, Pode-Shakked B, Cross LA, Sullivan B, Raas-Rothschild A, et al. PPP2R1A neu-
rodevelopmental disorder is associated with congenital heart defects. Am J Med Genet A. 2022;
188:3262-3277. https://doi.org/10.1002/ajmg.a.62946 PMID: 36209351

Rasool RU, O’Connor CM, Das CK, Alhusayan M, Verma BK, Islam S, et al. Loss of LCMT1 and
biased protein phosphatase 2A heterotrimerization drive prostate cancer progression and therapy
resistance. Nat Commun. 2023; 14:5253. https://doi.org/10.1038/s41467-023-40760-6 PMID:
37644036

Hu M-W, Wang Z-B, Jiang Z-Z, Qi S-T, Huang L, Liang Q-X, et al. Scaffold subunit Aalpha of PP2A is
essential for female meiosis and fertility in mice. Biol Reprod. 2014; 91:19. https://doi.org/10.1095/
biolreprod.114.120220 PMID: 24899574

Kauko O, Imanishi SY, Kulesskiy E, Yetukuri L, Laajala TD, Sharma M, et al. Phosphoproteome and
drug-response effects mediated by the three protein phosphatase 2A inhibitor proteins CIP2A, SET,
and PME-1. J Biol Chem. 2020; 295:4194—-4211. https://doi.org/10.1074/jbc.RA119.011265 PMID:
32071079

Reynhout S, Janssens V. Physiologic functions of PP2A: Lessons from genetically modified mice. Bio-
chim Biophys Acta Mol Cell Res. 2019; 1866:31-50. https://doi.org/10.1016/j.bbamcr.2018.07.010
PMID: 30030003

Le AH, Yelland T, Paul NR, Fort L, Nikolaou S, Ismail S, et al. CYRI-A limits invasive migration through
macropinosome formation and integrin uptake regulation. J Cell Biol. 2021;220. https://doi.org/10.
1083/jcb.202012114 PMID: 34165494

Wang Y, Chiappetta G, Guérois R, Liu Y, Romero S, Boesch DJ, et al. PPP2R1A regulates migration
persistence through the NHSL1-containing WAVE Shell Complex. Nat Commun. 2023; 14:3541.
https://doi.org/10.1038/s41467-023-39276-w PMID: 37322026

Kite E, Forer A. The role of phosphorylation in the elasticity of the tethers that connect telomeres of
separating anaphase chromosomes. Nucleus. 2020; 11:19-31. https://doi.org/10.1080/19491034.
2019.1710329 PMID: 31948316

Boudreau RTM, Garduno R, Lin T-J. Protein phosphatase 2A and protein kinase Calpha are physically
associated and are involved in Pseudomonas aeruginosa-induced interleukin 6 production by mast
cells. J Biol Chem. 2002; 277:5322-5329. https://doi.org/10.1074/jbc.M108623200 PMID: 11706031

Opsahl JA, Ljostveit S, Solstad T, Risa K, Roepstorff P, Fladmark KE. Identification of dynamic
changes in proteins associated with the cellular cytoskeleton after exposure to okadaic acid. Mar
Drugs. 2013; 11:1763-1782. https://doi.org/10.3390/md 11061763 PMID: 23708184

Sundaresan P, Farndale RW. P38 mitogen-activated protein kinase dephosphorylation is regulated by
protein phosphatase 2A in human platelets activated by collagen. FEBS Lett. 2002; 528:139—-144.
https://doi.org/10.1016/s0014-5793(02)03277-5 PMID: 12297294

Ivaska J, Reunanen H, Westermarck J, Koivisto L, K&hari VM, Heino J. Integrin alpha2betal mediates
isoform-specific activation of p38 and upregulation of collagen gene transcription by a mechanism
involving the alpha2 cytoplasmic tail. J Cell Biol. 1999; 147:401—416. https://doi.org/10.1083/jcb.147.
2.401 PMID: 10525544

Ivaska J, Nissinen L, Immonen N, Eriksson JE, Kahari V-M, Heino J. Integrin alpha 2 beta 1 promotes
activation of protein phosphatase 2A and dephosphorylation of Akt and glycogen synthase kinase 3
beta. Mol Cell Biol. 2002; 22:1352-1359. https://doi.org/10.1128/MCB.22.5.1352-1359.2002 PMID:
11839802

Rainero E, Howe JD, Caswell PT, Jamieson NB, Anderson K, Critchley DR, et al. Ligand-Occupied
Integrin Internalization Links Nutrient Signaling to Invasive Migration. Cell Rep. 2015; 10:398—413.
https://doi.org/10.1016/j.celrep.2014.12.037 PMID: 25600874

Campbell KJ, Mason SM, Winder ML, Willemsen RBE, Cloix C, Lawson H, et al. Breast cancer depen-
dence on MCL-1 is due to its canonical anti-apoptotic function. Cell Death Differ. 2021; 28:2589-2600.
https://doi.org/10.1038/s41418-021-00773-4 PMID: 33785871

Weniger M, Honselmann KC, Liss AS. The Extracellular Matrix and Pancreatic Cancer: A Complex
Relationship. Cancer. 2018; 10. https://doi.org/10.3390/cancers10090316 PMID: 30200666

Das S, Batra SK. Pancreatic cancer metastasis: are we being pre-EMTed? Curr Pharm Des. 2015;
21:1249—-1255. https://doi.org/10.2174/1381612821666141211115234 PMID: 25506899

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 35/39


https://doi.org/10.1038/ni1421
http://www.ncbi.nlm.nih.gov/pubmed/17143273
https://doi.org/10.1242/dmm.023077
http://www.ncbi.nlm.nih.gov/pubmed/26496772
https://doi.org/10.1002/ajmg.a.62946
http://www.ncbi.nlm.nih.gov/pubmed/36209351
https://doi.org/10.1038/s41467-023-40760-6
http://www.ncbi.nlm.nih.gov/pubmed/37644036
https://doi.org/10.1095/biolreprod.114.120220
https://doi.org/10.1095/biolreprod.114.120220
http://www.ncbi.nlm.nih.gov/pubmed/24899574
https://doi.org/10.1074/jbc.RA119.011265
http://www.ncbi.nlm.nih.gov/pubmed/32071079
https://doi.org/10.1016/j.bbamcr.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30030003
https://doi.org/10.1083/jcb.202012114
https://doi.org/10.1083/jcb.202012114
http://www.ncbi.nlm.nih.gov/pubmed/34165494
https://doi.org/10.1038/s41467-023-39276-w
http://www.ncbi.nlm.nih.gov/pubmed/37322026
https://doi.org/10.1080/19491034.2019.1710329
https://doi.org/10.1080/19491034.2019.1710329
http://www.ncbi.nlm.nih.gov/pubmed/31948316
https://doi.org/10.1074/jbc.M108623200
http://www.ncbi.nlm.nih.gov/pubmed/11706031
https://doi.org/10.3390/md11061763
http://www.ncbi.nlm.nih.gov/pubmed/23708184
https://doi.org/10.1016/s0014-5793%2802%2903277-5
http://www.ncbi.nlm.nih.gov/pubmed/12297294
https://doi.org/10.1083/jcb.147.2.401
https://doi.org/10.1083/jcb.147.2.401
http://www.ncbi.nlm.nih.gov/pubmed/10525544
https://doi.org/10.1128/MCB.22.5.1352-1359.2002
http://www.ncbi.nlm.nih.gov/pubmed/11839802
https://doi.org/10.1016/j.celrep.2014.12.037
http://www.ncbi.nlm.nih.gov/pubmed/25600874
https://doi.org/10.1038/s41418-021-00773-4
http://www.ncbi.nlm.nih.gov/pubmed/33785871
https://doi.org/10.3390/cancers10090316
http://www.ncbi.nlm.nih.gov/pubmed/30200666
https://doi.org/10.2174/1381612821666141211115234
http://www.ncbi.nlm.nih.gov/pubmed/25506899
https://doi.org/10.1371/journal.pbio.3002930

PLOS BIOLOGY

ECM-bound integrin uptake controls invasive cell migration

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Olivares O, Mayers JR, Gouirand V, Torrence ME, Gicquel T, Borge L, et al. Collagen-derived proline
promotes pancreatic ductal adenocarcinoma cell survival under nutrient limited conditions. Nat Com-
mun. 2017; 8:16031. https://doi.org/10.1038/ncomms16031 PMID: 28685754

Xiao G-Y, Mohanakrishnan A, Schmid SL. Role for ERK1/2-dependent activation of FCHSD2 in can-
cer cell-selective regulation of clathrin-mediated endocytosis. Proc Natl Acad Sci U S A. 2018; 115:
E9570-E9579. https://doi.org/10.1073/pnas.1810209115 PMID: 30249660

ZhaoY, Ge C-C, Wang J, Wu X-X, Li X-M, Li W, et al. MEK inhibitor, PD98059, promotes breast can-
cer cell migration by inducing B-catenin nuclear accumulation. Oncol Rep. 2017; 38:3055-3063.

Hu C, Huang L, Gest C, Xi X, Janin A, Soria C, et al. Opposite regulation by PI3K/Akt and MAPK/ERK
pathways of tissue factor expression, cell-associated procoagulant activity and invasiveness in MDA-
MB-231 cells. J Hematol Oncol. 2012; 5:16. https://doi.org/10.1186/1756-8722-5-16 PMID: 22534171

Diizgiin SA, Yerlikaya A, Zeren S, Bayhan Z, Okur E, Boyaci I. Differential effects of p38 MAP kinase
inhibitors SB203580 and SB202190 on growth and migration of human MDA-MB-231 cancer cell line.
Cytotechnology. 2017; 69:711-724. https://doi.org/10.1007/s10616-017-0079-2 PMID: 28393288

Huth HW, Santos DM, Gravina HD, Resende JM, Goes AM, de Lima ME, et al. Upregulation of p38
pathway accelerates proliferation and migration of MDA-MB-231 breast cancer cells. Oncol Rep.
2017; 37:2497-2505. https://doi.org/10.3892/0r.2017.5452 PMID: 28260101

Paul NR, Jacquemet G, Caswell PT. Endocytic Trafficking of Integrins in Cell Migration. Curr Biol.
2015; 25:R1092—-105. https://doi.org/10.1016/j.cub.2015.09.049 PMID: 26583903

Papalazarou V, Drew J, Juin A, Spence HJ, Whitelaw J, Nixon C, et al. Collagen VI expression is nega-
tively mechanosensitive in pancreatic cancer cells and supports the metastatic niche. J Cell Sci. 2022;
135. https://doi.org/10.1242/jcs.259978 PMID: 36546396

Khaled AR, Moor AN, Li A, Kim K, Ferris DK, Muegge K, et al. Trophic factor withdrawal: p38 mitogen-
activated protein kinase activates NHE1, which induces intracellular alkalinization. Mol Cell Biol. 2001;
21:7545-7557. https://doi.org/10.1128/MCB.21.22.7545-7557.2001 PMID: 11604491

Grenier AL, Abu-ihweij K, Zhang G, Ruppert SM, Boohaker R, Slepkov ER, et al. Apoptosis-induced
alkalinization by the Na+/H+ exchanger isoform 1 is mediated through phosphorylation of amino acids
Ser726 and Ser729. Am J Physiol Cell Physiol. 2008; 295:C883-96. https://doi.org/10.1152/ajpcell.
00574.2007 PMID: 18701649

Rainero E. Macropinocytosis at the crossroad between nutrient scavenging and metabolism in cancer.
Curr Opin Cell Biol. 2024; 88:102359. https://doi.org/10.1016/j.ceb.2024.102359 PMID: 38626703

Cao J, Zhang M, Wang B, Zhang L, Fang M, Zhou F. Chemoresistance and Metastasis in Breast Can-
cer Molecular Mechanisms and Novel Clinical Strategies. Front Oncol. 2021; 11:658552. https://doi.
org/10.3389/fonc.2021.658552 PMID: 34277408

Fekete JT, Gydrffy B. ROCplot.org: Validating predictive biomarkers of chemotherapy/hormonal ther-
apy/anti-HER2 therapy using transcriptomic data of 3,104 breast cancer patients. Int J Cancer. 2019;
145:3140-3151. https://doi.org/10.1002/ijc.32369 PMID: 31020993

Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kamphorst JJ, Hackett S, et al.
Macropinocytosis of protein is an amino acid supply route in Ras-transformed cells. Nature. 2013;
497:633-637. https://doi.org/10.1038/nature 12138 PMID: 23665962

Caswell PT, Spence HJ, Parsons M, White DP, Clark K, Cheng KW, et al. Rab25 associates with
alphabbetat integrin to promote invasive migration in 3D microenvironments. Dev Cell. 2007; 13:496—
510. https://doi.org/10.1016/j.devcel.2007.08.012 PMID: 17925226

Kajiho H, Kajiho Y, Frittoli E, Confalonieri S, Bertalot G, Viale G, et al. RAB2A controls MT1-MMP
endocytic and E-cadherin polarized Golgi trafficking to promote invasive breast cancer programs.
EMBO Rep. 2016; 17:1061-1080. https://doi.org/10.15252/embr.201642032 PMID: 27255086

Muranen T, Iwanicki MP, Curry NL, Hwang J, DuBois CD, Coloff JL, et al. Starved epithelial cells
uptake extracellular matrix for survival. Nat Commun. 2017; 8:13989. https://doi.org/10.1038/
ncomms13989 PMID: 28071763

Hirose H, Nakata E, Zhang Z, Shibano Y, Maekawa M, Morii T, et al. Macropinoscope: Real-Time
Simultaneous Tracking of pH and Cathepsin B Activity in Individual Macropinosomes. Anal Chem.
2023; 95:11410-11419. https://doi.org/10.1021/acs.analchem.3c01645 PMID: 37468434

Bill HM, Knudsen B, Moores SL, Muthuswamy SK, Rao VR, Brugge JS, et al. Epidermal growth factor
receptor-dependent regulation of integrin-mediated signaling and cell cycle entry in epithelial cells. Mol
Cell Biol. 2004; 24:8586—-8599. https://doi.org/10.1128/MCB.24.19.8586-8599.2004 PMID: 15367678

Shattil SJ. Integrins and Src: dynamic duo of adhesion signaling. Trends Cell Biol. 2005; 15:399-403.
https://doi.org/10.1016/j.tcb.2005.06.005 PMID: 16005629

Guan J-L. Integrin signaling through FAK in the regulation of mammary stem cells and breast cancer.
IUBMB Life. 2010; 62:268—276. https://doi.org/10.1002/iub.303 PMID: 20101634

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 36/39


https://doi.org/10.1038/ncomms16031
http://www.ncbi.nlm.nih.gov/pubmed/28685754
https://doi.org/10.1073/pnas.1810209115
http://www.ncbi.nlm.nih.gov/pubmed/30249660
https://doi.org/10.1186/1756-8722-5-16
http://www.ncbi.nlm.nih.gov/pubmed/22534171
https://doi.org/10.1007/s10616-017-0079-2
http://www.ncbi.nlm.nih.gov/pubmed/28393288
https://doi.org/10.3892/or.2017.5452
http://www.ncbi.nlm.nih.gov/pubmed/28260101
https://doi.org/10.1016/j.cub.2015.09.049
http://www.ncbi.nlm.nih.gov/pubmed/26583903
https://doi.org/10.1242/jcs.259978
http://www.ncbi.nlm.nih.gov/pubmed/36546396
https://doi.org/10.1128/MCB.21.22.7545-7557.2001
http://www.ncbi.nlm.nih.gov/pubmed/11604491
https://doi.org/10.1152/ajpcell.00574.2007
https://doi.org/10.1152/ajpcell.00574.2007
http://www.ncbi.nlm.nih.gov/pubmed/18701649
https://doi.org/10.1016/j.ceb.2024.102359
http://www.ncbi.nlm.nih.gov/pubmed/38626703
https://doi.org/10.3389/fonc.2021.658552
https://doi.org/10.3389/fonc.2021.658552
http://www.ncbi.nlm.nih.gov/pubmed/34277408
https://doi.org/10.1002/ijc.32369
http://www.ncbi.nlm.nih.gov/pubmed/31020993
https://doi.org/10.1038/nature12138
http://www.ncbi.nlm.nih.gov/pubmed/23665962
https://doi.org/10.1016/j.devcel.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17925226
https://doi.org/10.15252/embr.201642032
http://www.ncbi.nlm.nih.gov/pubmed/27255086
https://doi.org/10.1038/ncomms13989
https://doi.org/10.1038/ncomms13989
http://www.ncbi.nlm.nih.gov/pubmed/28071763
https://doi.org/10.1021/acs.analchem.3c01645
http://www.ncbi.nlm.nih.gov/pubmed/37468434
https://doi.org/10.1128/MCB.24.19.8586-8599.2004
http://www.ncbi.nlm.nih.gov/pubmed/15367678
https://doi.org/10.1016/j.tcb.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16005629
https://doi.org/10.1002/iub.303
http://www.ncbi.nlm.nih.gov/pubmed/20101634
https://doi.org/10.1371/journal.pbio.3002930

PLOS BIOLOGY

ECM-bound integrin uptake controls invasive cell migration

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Arriazu E, Vicente C, Pippa R, Peris |, Martinez-Balsalobre E, Garcia-Ramirez P, et al. A new regula-
tory mechanism of protein phosphatase 2A activity via SET in acute myeloid leukemia. Blood Cancer
J. 2020; 10:3. https://doi.org/10.1038/s41408-019-0270-0 PMID: 31913266

Menon MB, Dhamija S, Kotlyarov A, Gaestel M. The problem of pyridinyl imidazole class inhibitors of
MAPK14/p38a and MAPK11/p38 in autophagy research. Autophagy. 2015; 11:1425-1427.

Chan PM, Lim L, Manser E. PAK is regulated by PI3K, PIX, CDC42, and PP2Calpha and mediates
focal adhesion turnover in the hyperosmotic stress-induced p38 pathway. J Biol Chem. 2008;
283:24949-24961. https://doi.org/10.1074/jbc.M801728200 PMID: 18586681

Gallagher ED, Xu S, Moomaw C, Slaughter CA, Cobb MH. Binding of JNK/SAPK to MEKK1 is regu-
lated by phosphorylation. J Biol Chem. 2002; 277:45785-45792. https://doi.org/10.1074/jbc.
M207702200 PMID: 12228228

Chamberlin A, Huether R, Machado AZ, Groden M, Liu H-M, Upadhyay K, et al. Mutations in MAP3K1
that cause 46,XY disorders of sex development disrupt distinct structural domains in the protein. Hum
Mol Genet. 2019; 28:1620—1628. https://doi.org/10.1093/hmg/ddz002 PMID: 30608580

Ostrer H. Pathogenic Variants in MAP3K1 Cause 46,XY Gonadal Dysgenesis: A Review. Sex Dev.
2022; 16:92-97. https://doi.org/10.1159/000522428 PMID: 35290982

Gallagher E, Suddason T. The PHD motif of Map3k1 activates cytokine-dependent MAPK signaling.
Mol Cell Oncol. 2015; 2:€980659. https://doi.org/10.4161/23723556.2014.980659 PMID: 27308457

Page JL, Wang X, Sordillo LM, Johnson SE. MEKK1 signaling through p38 leads to transcriptional
inactivation of E47 and repression of skeletal myogenesis. J Biol Chem. 2004; 279:30966—-30972.
https://doi.org/10.1074/jbc.M402224200 PMID: 15159407

Cheng J-M, Volk L, Janaki DKM, Vyakaranam S, Ran S, Rao KA. Tumor suppressor function of
Rab25 in triple-negative breast cancer. Int J Cancer. 2010; 126:2799-2812. https://doi.org/10.1002/
ijc.24900 PMID: 19795443

Arora PD, Marignani PA, McCulloch CA. Collagen phagocytosis is regulated by the guanine nucleotide
exchange factor Vav2. Am J Physiol Cell Physiol. 2008; 295:C130-7. https://doi.org/10.1152/ajpcell.
00168.2008 PMID: 18434624

Rolver MG, Elingaard-Larsen LO, Andersen AP, Counillon L, Pedersen SF. Pyrazine ring-based Na/H
exchanger (NHE) inhibitors potently inhibit cancer cell growth in 3D culture, independent of NHE1. Sci
Rep. 2020; 10:5800. https://doi.org/10.1038/s41598-020-62430-z PMID: 32242030

Johnson JC, Martinez O, Honko AN, Hensley LE, Olinger GG, Basler CF. Pyridinyl imidazole inhibitors
of p38 MAP kinase impair viral entry and reduce cytokine induction by Zaire ebolavirus in human den-
dritic cells. Antiviral Res. 2014; 107:102—109. https://doi.org/10.1016/j.antiviral.2014.04.014 PMID:
24815087

Derby S, Dutton L, Strathdee KE, Stevenson K, Koessinger A, Jackson M, et al. Inhibition of ATR
opposes glioblastoma invasion through disruption of cytoskeletal networks and integrin internalisation
via macropinocytosis. Neuro Oncol. 2023. https://doi.org/10.1093/neuonc/noad210 PMID: 37936324

Chastney MR, Lawless C, Humphries JD, Warwood S, Jones MC, Knight D, et al. Topological features
of integrin adhesion complexes revealed by multiplexed proximity biotinylation. J Cell Biol. 2020; 219.
https://doi.org/10.1083/jcb.202003038 PMID: 32585685

Janssens V, Zwaenepoel K, Rossé C, Petit MMR, Goris J, Parker PJ. PP2A binds to the LIM domains
of lipoma-preferred partner through its PR130/B” subunit to regulate cell adhesion and migration. J
Cell Sci. 2016; 129:1605-1618.

Mao L, Liao C, Qin J, Gong Y, Zhou Y, Li S, et al. Phosphorylation of SNX27 by MAPK11/14 links cellu-
lar stress-signaling pathways with endocytic recycling. J Cell Biol. 2021; 220. https://doi.org/10.1083/
jcb.202010048 PMID: 33605979

Gong M, TuM, Sun H, LiL, Zhu L, Li H, et al. Design, Synthesis, and Structure-Activity Relationship
Study of Potent MAPK11 Inhibitors. Molecules. 2021; 27. https://doi.org/10.3390/molecules27010203
PMID: 35011435

Lange L, Marks M, Liu J, Wittler L, Bauer H, Piehl S, et al. Patterning and gastrulation defects caused
by the lethal are due to loss of. Biol Open. 2017; 6:752—764.

Keller R. Cell migration during gastrulation. Curr Opin Cell Biol. 2005; 17:533-541. https://doi.org/10.
1016/j.ceb.2005.08.006 PMID: 16099638

Shao X, Cao G, Chen D, Liu J, Yu B, Liu M, et al. Placental trophoblast syncytialization potentiates
macropinocytosis via mTOR signaling to adapt to reduced amino acid supply. Proc Natl Acad Sci U S
A.2021; 118. https://doi.org/10.1073/pnas.2017092118 PMID: 33402432

Yang D, Okamura H, Morimoto H, Teramachi J, Haneji T. Protein phosphatase 2A Ca regulates prolif-
eration, migration, and metastasis of osteosarcoma cells. Lab Invest. 2016; 96:1050-1062.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 37/39


https://doi.org/10.1038/s41408-019-0270-0
http://www.ncbi.nlm.nih.gov/pubmed/31913266
https://doi.org/10.1074/jbc.M801728200
http://www.ncbi.nlm.nih.gov/pubmed/18586681
https://doi.org/10.1074/jbc.M207702200
https://doi.org/10.1074/jbc.M207702200
http://www.ncbi.nlm.nih.gov/pubmed/12228228
https://doi.org/10.1093/hmg/ddz002
http://www.ncbi.nlm.nih.gov/pubmed/30608580
https://doi.org/10.1159/000522428
http://www.ncbi.nlm.nih.gov/pubmed/35290982
https://doi.org/10.4161/23723556.2014.980659
http://www.ncbi.nlm.nih.gov/pubmed/27308457
https://doi.org/10.1074/jbc.M402224200
http://www.ncbi.nlm.nih.gov/pubmed/15159407
https://doi.org/10.1002/ijc.24900
https://doi.org/10.1002/ijc.24900
http://www.ncbi.nlm.nih.gov/pubmed/19795443
https://doi.org/10.1152/ajpcell.00168.2008
https://doi.org/10.1152/ajpcell.00168.2008
http://www.ncbi.nlm.nih.gov/pubmed/18434624
https://doi.org/10.1038/s41598-020-62430-z
http://www.ncbi.nlm.nih.gov/pubmed/32242030
https://doi.org/10.1016/j.antiviral.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24815087
https://doi.org/10.1093/neuonc/noad210
http://www.ncbi.nlm.nih.gov/pubmed/37936324
https://doi.org/10.1083/jcb.202003038
http://www.ncbi.nlm.nih.gov/pubmed/32585685
https://doi.org/10.1083/jcb.202010048
https://doi.org/10.1083/jcb.202010048
http://www.ncbi.nlm.nih.gov/pubmed/33605979
https://doi.org/10.3390/molecules27010203
http://www.ncbi.nlm.nih.gov/pubmed/35011435
https://doi.org/10.1016/j.ceb.2005.08.006
https://doi.org/10.1016/j.ceb.2005.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16099638
https://doi.org/10.1073/pnas.2017092118
http://www.ncbi.nlm.nih.gov/pubmed/33402432
https://doi.org/10.1371/journal.pbio.3002930

PLOS BIOLOGY

ECM-bound integrin uptake controls invasive cell migration

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Zheng H-Y, Shen F-J, Tong Y-Q, Li Y. PP2A Inhibits Cervical Cancer Cell Migration by Dephosphory-
lation of p-JNK, p-p38 and the p-ERK/MAPK Signaling Pathway. Curr Med Sci. 2018; 38:115-123.
https://doi.org/10.1007/s11596-018-1854-9 PMID: 30074160

Hosper NA, van den Berg PP, de Rond S, Popa ER, Wilmer MJ, Masereeuw R, et al. Epithelial-to-
mesenchymal transition in fibrosis: collagen type | expression is highly upregulated after EMT, but
does not contribute to collagen deposition. Exp Cell Res. 2013; 319:3000-3009. https://doi.org/10.
1016/j.yexcr.2013.07.014 PMID: 23906925

Wafai R, Williams ED, de Souza E, Simpson PT, McCart Reed AE, Kutasovic JR, et al. Integrin alpha-
2 and beta-1 expression increases through multiple generations of the EDWO01 patient-derived xeno-
graft model of breast cancer-insight into their role in epithelial mesenchymal transition in vivo gained
from an in vitro model system. Breast Cancer Res. 2020; 22:136. https://doi.org/10.1186/s13058-020-
01366-8 PMID: 33276802

Huang Y-L, Liang C-Y, Ritz D, Coelho R, Septiadi D, Estermann M, et al. Collagen-rich omentum is a
premetastatic niche for integrin a2-mediated peritoneal metastasis. Elife. 2020; 9. https://doi.org/10.
7554/eLife.59442 PMID: 33026975

Gregori A, Bergonzini C, Capula M, Mantini G, Khojasteh-Leylakoohi F, Comandatore A, et al. Prog-
nostic significance of integrin subunit alpha 2 (ITGA2) and role of mechanical cues in resistance to
gemcitabine in pancreatic ductal adenocarcinoma (PDAC). Cancer. 2023; 15:628. https://doi.org/10.
3390/cancers15030628 PMID: 36765586

Sottnik JL, Daignault-Newton S, Zhang X, Morrissey C, Hussain MH, Keller ET, et al. Integrin alpha2-
beta 1 (a2 1) promotes prostate cancer skeletal metastasis. Clin Exp Metastasis. 2013; 30:569-578.

Kuo S-H, Wei M-F, Lee Y-H, Lin J-C, Yang W-C, Yang S-Y, et al. MAP3K1 expression is associated
with progression and poor prognosis of hormone receptor-positive, HER2-negative early-stage breast
cancer. Cell Oncol. 2023; 46:1213-1234. https://doi.org/10.1007/s13402-023-00805-w PMID:
37166744

Winkler J, Tan W, Diadhiou CMM, McGiinnis CS, Abbasi A, Hasnain S, et al. Dissecting the contribu-
tions of tumor heterogeneity on metastasis at single-cell resolution. bioRxiv. 2022. https://doi.org/10.
1101/2022.08.04.502697

Canovas B, Nebreda AR. Diversity and versatility of p38 kinase signalling in health and disease. Nat
Rev Mol Cell Biol. 2021; 22:346—366. https://doi.org/10.1038/s41580-020-00322-w PMID: 33504982

He Z,He J, Liu Z, Xu J, Yi SF, Liu H, et al. MAPK11 in breast cancer cells enhances osteoclastogen-
esis and bone resorption. Biochimie. 2014; 106:24—-32. https://doi.org/10.1016/j.biochi.2014.07.017
PMID: 25066918

Hall CL, Dai J, van Golen KL, Keller ET, Long MW. Type | collagen receptor (alpha 2 beta 1) signaling
promotes the growth of human prostate cancer cells within the bone. Cancer Res. 2006; 66:8648—
8654. https://doi.org/10.1158/0008-5472.CAN-06-1544 PMID: 16951179

Weiss F, Lauffenburger D, Friedl P. Towards targeting of shared mechanisms of cancer metastasis
and therapy resistance. Nat Rev Cancer. 2022; 22:157—-173. https://doi.org/10.1038/s41568-021-
00427-0 PMID: 35013601

Obenauf AC, Zou Y, Ji AL, Vanharanta S, Shu W, Shi H, et al. Therapy-induced tumour secretomes
promote resistance and tumour progression. Nature. 2015; 520:368—372. https://doi.org/10.1038/
nature14336 PMID: 25807485

Fernandez-Aroca DM, Garcia-Flores N, Frost S, Jiménez-Suarez J, Rodriguez-Gonzéalez A, Fernan-
dez-Aroca P, et al. MAPK11 (p38p) is a major determinant of cellular radiosensitivity by controlling ion-
izing radiation-associated senescence: An in vitro study. Clin Transl Radiat Oncol. 2023; 41:100649.

Phan T, Zhang XH, Rosen S, Melstrom LG. P38 kinase in gastrointestinal cancers. Cancer Gene
Ther. 2023; 30:1181-1189. https://doi.org/10.1038/s41417-023-00622-1 PMID: 37248432

Luke JJ, Dadey RE, Augustin RC, Newman S, Singh KB, Doerfler R, et al. Tumor cell p38 inhibition to
overcome immunotherapy resistance. Res Sq. 2023. https://doi.org/10.21203/rs.3.rs-3183496/v1
PMID: 37645831

Milojkovic Kerklaan B, Slater S, Flynn M, Greystoke A, Witteveen PO, Megui-Roelvink M, et al. A
phase |, dose escalation, pharmacodynamic, pharmacokinetic, and food-effect study of a2 integrin
inhibitor E7820 in patients with advanced solid tumors. Invest New Drugs. 2016; 34:329-337.

Bewersdorf JP, Stahl M, Taylor J, Mi X, Chandhok NS, Watts J, et al. E7820, an anti-cancer sulfon-
amide, degrades RBM39 in patients with splicing factor mutant myeloid malignancies: a phase Il clini-
cal trial. Leukemia. 2023; 37:2512-2516. https://doi.org/10.1038/s41375-023-02050-4 PMID:
37814121

Fares J, Fares MY, Khachfe HH, Salhab HA, Fares Y. Molecular principles of metastasis: a hallmark
of cancer revisited. Signal Transduct Target Ther. 2020; 5:28. https://doi.org/10.1038/s41392-020-
0134-x PMID: 32296047

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 38/39


https://doi.org/10.1007/s11596-018-1854-9
http://www.ncbi.nlm.nih.gov/pubmed/30074160
https://doi.org/10.1016/j.yexcr.2013.07.014
https://doi.org/10.1016/j.yexcr.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23906925
https://doi.org/10.1186/s13058-020-01366-8
https://doi.org/10.1186/s13058-020-01366-8
http://www.ncbi.nlm.nih.gov/pubmed/33276802
https://doi.org/10.7554/eLife.59442
https://doi.org/10.7554/eLife.59442
http://www.ncbi.nlm.nih.gov/pubmed/33026975
https://doi.org/10.3390/cancers15030628
https://doi.org/10.3390/cancers15030628
http://www.ncbi.nlm.nih.gov/pubmed/36765586
https://doi.org/10.1007/s13402-023-00805-w
http://www.ncbi.nlm.nih.gov/pubmed/37166744
https://doi.org/10.1101/2022.08.04.502697
https://doi.org/10.1101/2022.08.04.502697
https://doi.org/10.1038/s41580-020-00322-w
http://www.ncbi.nlm.nih.gov/pubmed/33504982
https://doi.org/10.1016/j.biochi.2014.07.017
http://www.ncbi.nlm.nih.gov/pubmed/25066918
https://doi.org/10.1158/0008-5472.CAN-06-1544
http://www.ncbi.nlm.nih.gov/pubmed/16951179
https://doi.org/10.1038/s41568-021-00427-0
https://doi.org/10.1038/s41568-021-00427-0
http://www.ncbi.nlm.nih.gov/pubmed/35013601
https://doi.org/10.1038/nature14336
https://doi.org/10.1038/nature14336
http://www.ncbi.nlm.nih.gov/pubmed/25807485
https://doi.org/10.1038/s41417-023-00622-1
http://www.ncbi.nlm.nih.gov/pubmed/37248432
https://doi.org/10.21203/rs.3.rs-3183496/v1
http://www.ncbi.nlm.nih.gov/pubmed/37645831
https://doi.org/10.1038/s41375-023-02050-4
http://www.ncbi.nlm.nih.gov/pubmed/37814121
https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1038/s41392-020-0134-x
http://www.ncbi.nlm.nih.gov/pubmed/32296047
https://doi.org/10.1371/journal.pbio.3002930

PLOS BIOLOGY

ECM-bound integrin uptake controls invasive cell migration

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

Kaukonen R, Jacquemet G, Hamidi H, lvaska J. Cell-derived matrices for studying cell proliferation
and directional migration in a complex 3D microenvironment. Nat Protoc. 2017; 12:2376-2390. https://
doi.org/10.1038/nprot.2017.107 PMID: 29048422

Parri E, Kuusanméki H, van Adrichem AJ, Kaustio M, Wennerberg K. Identification of novel regulators
of STAT3 activity. PLoS ONE. 2020; 15:€0230819. https://doi.org/10.1371/journal.pone.0230819
PMID: 32231398

Chia N-Y, Chan Y-S, Feng B, Lu X, Orlov YL, Moreau D, et al. A genome-wide RNAi screen reveals
determinants of human embryonic stem cell identity. Nature. 2010; 468:316—320. https://doi.org/10.
1038/nature09531 PMID: 20953172

Wong HH, Seet SH, Bascom CC, Isfort RJ, Bard F. Red-COLA1: a human fibroblast reporter cell line
for type | collagen transcription. Sci Rep. 2020; 10:19723. https://doi.org/10.1038/s41598-020-75683-
5 PMID: 33184327

Sharma S, Rao A. RNAi screening: tips and techniques. Nat Immunol. 2009; 10:799-804. https://doi.
org/10.1038/ni0809-799 PMID: 19621037

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9:671-675. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

Commisso C, Flinn RJ, Bar-Sagi D. Determining the macropinocytic index of cells through a quantita-
tive image-based assay. Nat Protoc. 2014; 9:182—192. https://doi.org/10.1038/nprot.2014.004 PMID:
24385148

Gorlewicz A, Krawczyk K, Szczepankiewicz AA, Trzaskoma P, Mulle C, Wilczynski GM. Colocalization
Colormap -an Imaged Plugin for the Quantification and Visualization of Colocalized Signals. Neuroin-
formatics. 2020; 18:661-664. https://doi.org/10.1007/s12021-020-09465-9 PMID: 32361813

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2724C Method. Methods. 2001; 25:402—408. https:/doi.org/10.1006/meth.2001.1262 PMID:
11846609

Bayarmagnai B, Perrin L, Esmaeili Pourfarhangi K, Grafa X, Tuizel E, Gligorijevic B. Invadopodia-
mediated ECM degradation is enhanced in the G1 phase of the cell cycle. J Cell Sci. 2019; 132.
https://doi.org/10.1242/jcs.227116 PMID: 31533971

Gyérffy B. Discovery and ranking of the most robust prognostic biomarkers in serous ovarian cancer.
Geroscience. 2023; 45:1889-1898. https://doi.org/10.1007/s11357-023-00742-4 PMID: 36856946

Bartha A, Gy6rffy B. TNMplot.com: A Web Tool for the Comparison of Gene Expression in Normal,
Tumor and Metastatic Tissues. Int J Mol Sci. 2021; 22. https://doi.org/10.3390/ijms22052622 PMID:
33807717

Lord SJ, Velle KB, Mullins RD, Fritz-Laylin LK. SuperPlots: Communicating reproducibility and variabil-
ity in cell biology. J Cell Biol. 2020; 219. https://doi.org/10.1083/jcb.202001064 PMID: 32346721

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002930 December 12, 2024 39/39


https://doi.org/10.1038/nprot.2017.107
https://doi.org/10.1038/nprot.2017.107
http://www.ncbi.nlm.nih.gov/pubmed/29048422
https://doi.org/10.1371/journal.pone.0230819
http://www.ncbi.nlm.nih.gov/pubmed/32231398
https://doi.org/10.1038/nature09531
https://doi.org/10.1038/nature09531
http://www.ncbi.nlm.nih.gov/pubmed/20953172
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
http://www.ncbi.nlm.nih.gov/pubmed/33184327
https://doi.org/10.1038/ni0809-799
https://doi.org/10.1038/ni0809-799
http://www.ncbi.nlm.nih.gov/pubmed/19621037
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1038/nprot.2014.004
http://www.ncbi.nlm.nih.gov/pubmed/24385148
https://doi.org/10.1007/s12021-020-09465-9
http://www.ncbi.nlm.nih.gov/pubmed/32361813
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1242/jcs.227116
http://www.ncbi.nlm.nih.gov/pubmed/31533971
https://doi.org/10.1007/s11357-023-00742-4
http://www.ncbi.nlm.nih.gov/pubmed/36856946
https://doi.org/10.3390/ijms22052622
http://www.ncbi.nlm.nih.gov/pubmed/33807717
https://doi.org/10.1083/jcb.202001064
http://www.ncbi.nlm.nih.gov/pubmed/32346721
https://doi.org/10.1371/journal.pbio.3002930

