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Abstract 

To get more insight into the role of LRP-1 in the mechanism of tumor progression in triple 

negative breast cancer. Atomic force microscopy, videomicroscopy, confocal microscopy and 

Rho-GTPAse activity assay were used on MDA-MB-231 and LRP-1-silenced cells. Silencing of 

LRP-1 in MDA-MB-231 cells was shown to led to a dramatic increase in the Young's modulus 

in parallel to a spectacular drop in membrane extension dynamics as well as a decrease in 

the cells migration abilities on both collagen I and fibronectin substrates. These results were 

perfectly correlated to a corresponding change in cell morphology and spreading capacity as 

well as in Rho-GTPases activity. By a multi-technique approach, it was demonstrated that 

LRP-1 played a crucial role in the migration of MDA-MB-231 cells by modulating the 

membrane extension dynamic. The originality of this AFM investigation lies in the non-

invasive aspect of the measurements. 
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Background 

The low-density lipoprotein receptor-related protein-1 (LRP-1) is a large multifunctional 

endocytic receptor involved in the clearance of various molecules from the extracellular 

matrix. LRP-1 is synthesized as a 600 kDa precursor and maturated in a 515 kDa α-chain 

noncovalently linked to a 85 kDa transmembrane and intracellular β-chain. The extracellular 

α-chain protruding in the extracellular space is composed of four interaction domains of 

ligand-binding type cystein-rich repeats able to bind more than forty ligands as lipoproteins, 

extracellular matrix (ECM) macromolecules, proteinases, proteinase/inhibitor complexes [1, 

2]. The LRP-1 β chain includes YxxL, a dileucine and two NPxY motifs involved in endocytosis 

and as binding sites for signaling adapter proteins. LRP-1 is involved in many physiological 

and pathological processes  including the regulation of vascular integrity [3], blood brain 

barrier permeability [4],  peripheral nerve regeneration [5], or in the cell migration and 

proliferation [6].  

Over the last decade, many studies have also highlighted the role of LRP-1 in the regulation 

of proteolytic cascades involved in tumor progression, although this was subject to 

controversy. Indeed, LRP-1 was reported to exhibit anti-tumor properties in cell lines derived 

from prostate [7], kidney [8], colon [9, 10] or endometrium [11] cancers, and pro-tumor 

properties in cell lines derived from brain cancer [12]. Interestingly, LRP-1 was also found to 

drive both anti-and pro-tumor  functions in the same cell line, like shown for those derived 

from thyroid [13, 14] and breast [7, 15, 16] cancers. As shown in previous studies conducted 

from thyroid carcinomas, the pro-tumor role of LRP-1 mainly lies in its capacity to control the 

cytoskeleton organization. Particularly, LRP-1 balances the traction and adherence forces 

and rules the internalization of adherence complexes [14, 17]. Therefore, there is a critical 



need to identify the precise role of this endocytic receptor during tumor progression and to 

decipher the underlying mechanisms. 

Various studies have prompted the importance of heterogeneity in cell mechanical 

properties on adhesion, division and migration capabilities. The easiest way to appraise such 

properties is to assess the cell stiffness. Among the most commonly used techniques, one 

can cite micropipette aspiration [18], microfluidics [19], optical trapping [20], magnetic 

tweezers [21], traction force microscopy [22], and atomic force microscopy [23-26]. This last 

technique developed in the 80’s [27] turned out to be one of the most proper technique to 

assess the topography and the mechanical properties of live cells in near-physiological 

conditions [28, 29].  

Over the last 15 years, numerous studies reported that cancer cells and their normal 

counterparts exhibited different mechanical properties. Generally speaking, in response to 

an indenter-mediated stimulation, cancer cells are softer than their homologues. This has 

been proved in the case of bladder [30], blood [31], breast [32] and others tissues. The 

pioneering experiment of AFM imaging on live cells was performed in 1992 [33] where the 

dynamic behavior of the cytoskeleton of glial cells was investigated in contact mode. In 90’s, 

tapping mode [34] was released to avoid this drawback; in that case, the tip only 

intermittently interacts with the surface, resulting in negligible friction and shear forces. 

Nevertheless, with both techniques, extracting the sample’s mechanical properties is not 

possible. On the contrary, force spectroscopy, and more in particular, force volume can be 

used to map the stiffness and the adhesion of live cells in a quantitative manner [35, 36], 

although the technique suffers from a very slow acquisition speed. To overcome this 

limitation, the PeakForce QNM technique, an oscillating mode where loading forces can be 

minimized and from which quantitative mechanical information can be obtained in a 



reasonable amount of time, has been developed. This technique has been already 

successfully used to image and investigate the mechanical properties of live U-251 cancer 

cells [37]. 

In a previous work [38], standard force spectroscopy was used to extract the average 

Young’s modulus of FTC-133 cells using colloidal probes but due to the slow acquisition 

speed, it was not possible to follow the dynamics of the cell properties in real-time and to 

correlate the results with the migration properties of the studied cells while it seems 

important to clearly understand the role of LRP-1. In the present study, the PeakForce QNM 

mode was used to probe the differences between control cells (shCtrl) and LRP-1 silenced 

breast cancer live cells (shLRP-1) in terms of topography, mechanical properties and 

migration abilities on collagen I and fibronectin substrates, in parallel to videomicroscopy, 

confocal and RHoGTPases activity experiments.  

 

Methods 

Cell Culture 

All the experiments were performed using a human breast cancer adenocarcinoma cell line 

(MDA-MB-231) provided by the American Type Culture Collection (ATCC, catalogue No. 

ATCC- HTB-26™). The cells were grown in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with GlutaMAX™-I (PAN-Biotech) and 10% fetal bovine serum (FBS; PAN-

Biotech) at 37°C in a 5% CO2 atmosphere. LRP-1 silencing in MDA-MB-231 cells was achieved 

using a LacSwitch II mammalian expression system (Agilent Technologies, Stratagene 

Products Division, La Jolla, USA) and shRNA sequences described by Dedieu et al [14]. 

Fibronectin and type I collagen coating 



The fibronectin used for all experiments came from bovine plasma (Sigma-Aldrich, Saint-

Louis, USA). The fibronectin [1mg/ml] was diluted with sterile PBS solution to a final 

concentration of 7μg/ml. The type I collagen was purchased from Stago (Stago BNL, 

Netherlands), diluted according to the specifications of the supplier, and used at a 

concentration of 35µg/ml. A saturation step with 1% denatured BSA has been done before 

seeding the cells. 

RT-qPCR and western blot analysis 

Briefly, a mass of up to 250 ng of the isolated RNAs was used for cDNA synthesis. The 

mixtures were incubated in a thermocycler at 42 °C for 30 min and 95 °C for 2 min. Realtime 

PCR conditions were 15 min at 95 °C followed by 40 cycles of 15 s at 95 °C (denaturation) 

and 1 min at 60 °C (annealing/extension). MDA-MB-231 shCTRL was chosen to represent a 

1× expression of the genes of interest, and the levels in the treated samples were expressed 

relatively to those in the corresponding control sample. For western blotting, the cells 

lysates were harvested and centrifuged. The proteins were separated by electrophoresis and 

transferred onto a nitrocellulose membrane. The membranes were incubated in blocking 

buffer for 1 h at room temperature and incubated overnight at 4 °C with an anti-LRP-1 

primary antibody (EPR3724, abcam, Paris, France) in blocking buffer. After washes, the 

membranes were incubated in the presence of a secondary antibody, and after revelation 

the bands from the immunoblots were quantified. 

Immunofluorescence 

Cells (25×10
4
) were plated on glass-slides, coated with fibronectin or type I collagen and 

incubated for 24h `at 37°C. The fixation of the samples was made using 4% (v/v) 

paraformaldehyde. The slides were washed with PBS, incubated with BSA 3% (w/v) for 30 

min and overnight with an anti-talin antibody (Merck millipore, Fontenay sous bois, France). 



Then cells were washed with PBS and incubated for 45 min with an Alexafluor-488-

conjugated phalloidin and with an anti-rabbit Alexfluor-568 (Thermofisher, Villebon sur 

Yvette, France). . Slides were incubated with mounting medium containing DAPI. 

Immunofluorescence-labeled cell preparations were analyzed using a Zeiss LSM 710 confocal 

laser scanning microscope with the 63X oil-immersion objective Zeiss operating system (Carl 

Zeiss MicroImaging GmbH, Deutschland). Projection and surfacic representations were 

realized using AMIRA (v6.2) software (Thermofisher, Villebon sur Yvette, France). To 

compare cell labeling, a same threshold was applied for each channel of shCtrl versus shLRP-

1 cells. For colocalization studies, a multichannel field module was used, followed by a 

correlation plot treatment (sub-ranges values 15–255, gamma 0.5).  

AFM imaging 

A Bioscope Catalyst
TM

 (Bruker, Billerica, USA) coupled to a Nikon Eclipse Ti inverted 

microscope (Nikon, Tokyo, Japan) were used for the AFM experiments. PFQNM mode was 

systematically used to obtain mapping of the Young’s modulus as it allows a higher 

resolution at faster acquisition speed than the classical Force-Volume measurements [39]. 

Preliminary experiments in force-volume (see supplementary information) mode were also 

performed for each cell type and have shown that the two modes give similar results for the 

Young’s modulus values as already shown by other comparative studies using 

nanomechanical modes [40]. 

PFQNM-LC-A-CAL probes, having a nominal spring constant of 0.1 N/m and a resonance 

frequency of ~45 kHz were used to image the cells, the tips being calibrated as previously 

described [41]. The tip geometry (“ace of spades” pyramidal shape, with a tip height of 17 

µm and an apex diameter of 130 nm) was designed on purpose to minimize the background 

effect. For PFQNM experiments, we used a PeakForce frequency of 0.25 kHz so to be as low 



as possible in order to maximize the contact time between the tip and the sample, a 

PeakForce amplitude of 1 µm so to be as high as possible since the cells are quite high.  

Images were captured in culture medium at a resolution of 256 or 128 pixels per line, at 37°C 

using a Perfusing Stage Incubator (Bruker, Billerica, USA). The petri dish was put on the 

baseplate when the temperature setpoint was reached and stable over time. The Young’s 

modulus, step height, surface and volume measurements were calculated using Nanoscope 

Analysis (Bruker, Billerica, USA). Regarding the Young’s modulus calculation, for each type of 

cells, 3 different cell dishes coming from the same culture were analyzed one after the other 

to avoid to work more than 3 hours with each dish and the experiments were triplicated to 

draw a reliable conclusion. At the end, between 45 and 60 cells for each condition. Referring 

to both the information displayed by the deformation channel and the cross section on the 

height channel, the measurements were made only at locations were the cell height was at 

least 4 times superior to the indentation depth, i.e. in cell area with a minimum height of 

1µm, in order to exclude any influence of the substrate on the measured values. Thus, 

perinuclar areas were avoided. The Sneddon approximation [42] was used to estimate the 

interaction between the tip and the substrate. In order to avoid generating mechanical 

stress to the cells, the loading force was adjusted between a few tens up to a few hundreds 

of piconewtons. The force curves were extracted from chosen area from the PFQNM images 

using the Peak Force Capture option from the Nanoscope software. Because of the geometry 

of the tip which could be considered as spherical at the apex, the force curves were then 

fitted using the Hertz model to get the Young’s modulus values for each point of the area 

and the Young’s Modulus values for each type of cells were represented using boxplots. 

For the topographical AFM measurements (height sections and counting of lamellipodia and 

protrusions), a minimum of 50 images were processed for each condition while regarding 



the AFM migration measurements, about 50 images per condition were captured but only 

approximately half of them were taken into account for our migration measurements as 

such measurements are highly challenging since after capturing the first image, the cell is 

often out of the field of view on the second image.  

Videomicroscopy imaging 

To measure velocity of MDA-MB-231 cells, the cells were seeded on type I collagen or 

fibronectin-coated, glass-bottomed chamber slide and allowed to attach to the substrate. 

Cells were then observed with a x20 magnification objective, for 24 h using a Zeiss Axio 

Observer Carl Zeiss MicroImaging GmbH, Deutschland). The cells were maintained at 37°C 

and 5% CO2 in a temperature-controlled chamber (PECON). The data were acquired using 

the MetaMorph software (Roper Scientific). Cell speed and directional persistence analysis 

were performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). 

For each conditions, 48 cells have been tracked. 

Rho-GTPase assay 

MDA-MB-231 cells (1 × 10
6
 per well) were grown over 48h in culture plate coated with, 

fibronectin or type I collagen- until 90% of confluency. Then cells were lysed and Rho-GTPase 

activity was determined using an Active Rho Pull-Down and Detection Kit (Thermofisher, 

Pierce Biotechnology, USA, ref 16116) following the provider instructions. 

Statistics 

All the results are means ± SEM raised from two or three independent experiments. 

Statistical significance of differences was calculated using Two sample t-test or Mann 

Withney-U test assays (Prism software; GraphPad). P values referring to corresponding 

controls are indicated in Figure legends. *P < 0.05; **P < 0.01; ***P < 0.001; NS = non-

significant.  



 

Results  

In order to evaluate the effect of the LRP-1 on breast cancer cells behavior, type I collagen 

and fibronectin coatings were used. These two ECM glycoproteins are present in breast 

cancer tumor microenvironment and regulate expression and activation of specific cell 

receptors and downstream signaling.  

LRP-1 silencing in breast cancer cells 

In order to study the effect of LRP-1 in breast cancer cells, MDA-MB-231 cells were -

transfected to stably express a shRNA directed against LRP-1 mRNA (shLRP-1) or an shRNA 

with no target (shCTRL). As shown in figure 1, RT-qPCR (Fig1A) and western blot (Fig 1B) 

experiments revealed a decrease of the expression of LRP-1 by 60% (mRNA) and by 67% 

(protein). Thus, this model was used for the different experiments. 

Young’s moduli calculation 

Our measurements were performed on type I collagen and fibronectin. As shown on Figure 

2A, the Young’s modulus was found to be remarkably stable on control cells with values of 

2.05 +/- 0.8 kPa, and 2.06 +/- 1.03 kPa on collagen and fibronectin, respectively. In LRP-1 

silenced cells, the Young’s modulus dramatically increased: 5.95 +/- 2.08, and 5.03 +/- 1.84 

kPa on type I collagen and fibronectin, respectively (Figure 2A). Figure 2B shows Young´s 

modulus mapping on shCtrl MDA-MB-231 cells (Fig 2B panel 1) and on LRP-1 silenced MDA-

MB-231 cells (Fig 2B panel 2). The darker part of image which corresponds to the softer 

material, is mainly localized in the center of the cell. Lamellipodia and filopodia of shCtrl cells 

exhibit a higher stiffness compared to the cell body. LRP-1-deficient cells exhibit a stretch 

phenotype associated with stiff cytoplasmic extensions.  

Topographical measurements 



LRP-1 silencing consequences in MDA-MB-231 cells were further evaluated by topographical 

measurements (surface and height section). As shown in Figure 3, in the case of type I 

collagen, LRP-1 invalidation led to a flattening effect of the cells (8.7 +/- 2.3 µm for shCtrl 

cells and 6.6 +/- 1.9 µm for shLRP-1 cells). This came with an increase of the average surface 

(584.6 +/- 62.1 µm
2
 for control cells and 778.4 +/- 83.1 µm

2
 for shLRP-1 cells). Interestingly, 

this effect was not significant on fibronectin-coated plates. 

Cell speed and directional measurements  

As the correlation between the Young’s modulus and cell migration is well documented [43, 

44], time-lapse microscopy experiments were performed during 24 hrs to estimate velocity 

and direction of shCtrl and shLRP-1 cells seeded onto either type I collagen or fibronectin.  As 

shown in Figure 4A, shCtrl cells seeded onto collagen exhibit a high directional persistence, 

the highest velocity (0.729 µm/min) and the highest traveled distance (1051 µm/24 hrs). 

Indeed, onto fibronectin, shCtrl cells exhibits a lower speed (0.414 µm/min), a lower traveled 

distance (596 µm/24 hrs) as well as a lower directional persistence compared to shLRP-1 

cells. LRP-1 silencing impaired cell migration on both substrates with a more pronounced 

effect on collagen (speed: 0.412 µm/min, traveled distance: 593 µm/24 hrs) compared to 

fibronectin (speed: 0.290 µm/min, traveled distance 418 µm/24 hrs) (Figure 4B). It can be 

noticed that approximately 20% of shLRP-1 cells seeded onto fibronectin, kept a behavior 

close to shCtrl cells.  

Migration speed measurements and topographical information obtained by AFM 

Traditionally, cell migration speed is measured by video-microscopy experiments as 

proceeded above. Nevertheless, in these experiments, only the cell core is taken as a 

reference spot and over a large period of time (usually 24 hours). To provide complementary 

information to video-microscopy, AFM was performed as it allows to follow the cell 



dynamics with high resolution. AFM experiments were then carried out by focusing on 

membrane extension dynamics at migration front and retraction tails (which is not possible 

in video-microscopy, since the cells move too fast). Figure 5A panels 1&2 and Figure 5B 

focused on the retraction tail dynamics. On control conditions, cell tails were found to 

retract quite quickly on type I collagen (1.18 +/- 0.29 µm/min) and slightly slower on 

fibronectin (0.83 +/- 0.12 µm/min). LRP-1 silencing led to a spectacular drop in the migration 

speed, on collagen (0.35 +/- 0.34 µm/min), and to a minor extent on fibronectin (0.39 +/- 

0.25 µm/min). The measurements taken on the migration fronts (Figure 5A panels 3&4, 

Figure 5B) led to similar observations: control cells were able to move quite fast on the two 

substrates (1.08 +/- 0.15 µm/min on collagen, and 0.79 +/- 0.18 µm/min on fibronectin). This 

time, LRP-1 invalidation led to a spectacular decrease in the migration capabilities on the 

fibronectin (0.24 +/- 0.01 µm/min) and with a less extent on collagen (0.51 +/- 0.09 µm/min). 

The clear morphological differences obtained between shCtrl and shLRP-1 cells on collagen 

prompted us to investigate more in details the height images obtained on this substrate, 

particularly the number of filopodiae and protrusions at the migration front. Figure 6-panel 1 

shows a typical migration front where the filopodia can be numbered, and Figure 6-panel 2, 

a typical cross-section achieved on a protrusion. The number of filopodiae on type I collagen 

(Table 1) was quite similar between the control (12) and the LRP-1-silenced (13.5) cells as 

well as the number of membrane protrusions (27.7 for the shCtrl cells and 21.1 for the 

shLRP-1 cells). On the other hand, the average height of the protrusions was systematically 

found to be more important on shCtrl (381.9 nm on collagen) than on shLRP-1 (269 nm on 

collagen) cells. Taken together, those results tend to prove that the membrane remodeling 

at the leading edge of shCtrl and shLRP-1 cells seeded onto type I collagen is quite similar. 

Considering the obtained data, additional experiments were carried out by assaying Rho-



GTPase protein activities, molecular actors involved in the regulation of actin cytoskeleton 

dynamics. 

Rho-GTPases assay 

Rho GTPases include Rho, Rac and CDC42 proteins known to be mainly involved in cell 

migration and morphology especially by controlling the dynamic of actin cytoskeleton. Rho 

GTPase activity is regulated by GDP (inactive state) and GTP (active state). Activated Rho 

GTPases are able to interact with specific signaling molecules and induce downstream 

signaling [45].  

In order to establish a potential correlation between AFM and time-lapse microscopy 

analyses, immunoprecipitation of Rho GTPases in shCtrl and shLRP-1 cells was also 

performed. As shown in Figure 7, we observed a decrease of 50% of the Rho GTPase activity 

when LRP-1 was silenced, only when cells were seeded onto fibronectin. These results 

corroborate the decrease of cell migration observed in time-lapse microscopy (Figure 4) as 

well as the decrease of membrane dynamics observed using AFM at the leading edge of the 

cells (Figure 5).  

Immunofluorescence experiments 

To go deeper in the understanding of these observations, immunofluorescence experiments 

were also performed and actin microfilaments and talin were labelled to visualize actin 

cytoskeleton extensions and focal adhesion contacts, respectively.  

As shown in Figure 8, the morphology of shCtrl cells was quite similar on both type-I collagen 

and fibronectin with a developed actin cytoskeleton associated to focal contacts at the 

leading edge (Figs. 8A, 8B). Nevertheless, cells seeded onto collagen exhibited a polarized 

phenotype associated with numerous focal adhesion contacts at the leading edge (Fig 8A, 

panels 1&3) as shown by co-localized voxels between actin and talin (Fig 8A, panels 5, 



arrows). Concerning the shLRP-1 cells, striking differences were observed on collagen 

associated with a thin stretch phenotype ((Fig. 8A, panels 2,4) containing focal contact at 

each side of the cell (Fig. 8A,  panel 6, arrows). LRP-1 silencing also affects cell morphology 

when cells are seeded on fibronectin (Fig 8B). Indeed, LRP-1-silenced cells adopted a more 

stretched phenotype (Fig. 8B, panels 2, 4), however the cell polarity seemed to be preserved. 

The intensity and size of focal contact decrease as observed in Fig 8B (panel 6 vs panel 5, 

arrows).  

Discussion  

Triple negative breast cancer (TNBC) counts among the more aggressive breast cancer [46].It 

constitutes an essential challenge to identify molecular regulators involved in cancer cell 

migration and/or invasion as these processes represent key steps in the process of tumor 

cell dissemination to establish metastasis [47]. Among these molecular actors, LRP-1, an 

endocytic scavenger receptor already described for its role in cancer progression [48], seems 

to support pro-tumor functionalities in breast cancers [48].  

The aim of our study was to evaluate the role of LRP-1 on elasticity, migration and spreading 

of MDA-MB-231 breast cancer cells seeded on both type-I collagen and fibronectin. These 

two glycoproteins represent the major components of breast cancer tumor 

microenvironment [49]. Indeed, type I collagen constitutes the scaffold of tumor 

microenvironment and can promote tumor infiltration, angiogenesis, invasion and migration 

[50]. Fibronectin in turn is a primary component of the mammary mesenchymal 

compartment [51]. Its expression represents a robust indicator of lymph node involvement 

and is also correlated to mortality risk [52]. In this context, AFM approaches in PeakForce 

QNM mode were used to study live cells [41]. The Young’s modulus from shCtrl cells reaches 

2.0 kPa on both fibronectin and type I collagen. Interestingly, Teng et al. have previously 



reported a Young’s modulus of 1.1 kPa and 2.2 kPa for MDA-MB-231 seeded on collagen and 

fibronectin, respectively [53]. These authors have performed a recording in the vicinity of 

the nucleus and have shown that fibronectin induced an increase of the mean young 

modulus compared to type I collagen. In our study, QNM acquisitions were achieved 

everywhere on the cell with due respect of a recorded zone at least 4 times superior to the 

indentation depth. Regarding the results obtained in LRP-1-silenced cells, a significant 

increase of the Young’s modulus was measured, that reached 5.95 and 5.03 kPa onto 

collagen and fibronectin, respectively. Numerous studies have reported that the increase of 

cellular stiffness is related to a less invasive phenotype [54]. 

These data suggest, in accordance with our previous studies performed on FTC-133 thyroid 

carcinoma cells [14, 38], that LRP-1 silencing appears correlated to an impaired ability for the 

cells to deform and migrate. When type I collagen was used as a coating, LRP-1 invalidation 

led to a flattening effect and an increase of the average cell surface. Interestingly, no 

significant difference was observed on fibronectin-coated plates, in terms of height section 

and surface. These observations could be linked to the high spread of shCtrl cells on 

fibronectin. Our results indicated that LRP-1-expressing breast tumor cells seeded onto 

collagen exhibited a higher directional persistence as well as a higher velocity compared to 

cells seeded onto fibronectin. Considering these results, collagen which is found in breast 

cancer tumor microenvironment, represents a privileged guide for cell dissemination, that 

participates in the increase of cell aggressiveness [55]. LRP-1 silencing reduced cell velocity 

by 45% (24.7 µm/h) and 30% (17.4 µm/h) on collagen and fibronectin respectively which is in 

line with the Young modulus variations determined by AFM (Fig. 2). Nevertheless, an 

important observation in our study concerns the fact that the Young modulus value of MDA-

MB-231 is quite identical on type I collagen and fibronectin whereas tumor cells have a 



different behavior on these two matrix associated substrates. Lekka have already pointed 

out the fact that Young modulus is not sufficient by itself to explain/characterize cell 

behavior [54]. To complement our measurements, AFM was used to focus on different cell 

parts, like the migration front or the retraction. It was demonstrated that the tails of the 

control cells retract quite quickly on type I collagen (1.18 µm/min) and slightly slower on 

fibronectin (0.83 µm/min). As for the LRP-1 silencing cells, we measured a spectacular drop 

in the migration speed at the tail extension, by 2.7 fold on collagen (0.35 µm/min), and a 

minor extent on fibronectin (by 2.1 fold to 0.39 µm/min). At the migration front, LRP-1 

invalidation led to a substantial decrease of the migration abilities of the cells on fibronectin 

(by 3.6 fold to 0.24 µm/min) and to a slightly lesser extent on collagen (by 2.1 fold to 0.51 

µm/min). Actin microfilament and talin labelling, pointed out the fact that the morphologies 

of breast cancer cells are quite similar on both collagen and fibronectin with a well-

developed actin cytoskeleton associated with focal contacts at the leading edge. However, 

the morphology of tumor cells on type I collagen seems to be more polarized and that could 

explain the highest migration speed on this substrate. When LRP-1 is silenced, striking 

differences are observed for cell morphology onto collagen with a stretch phenotype and a 

loss of the polarized extensions. These effects are less pronounced in shLRP-1 cells seeded 

on fibronectin than shCtrl cells and corroborate with the cell velocity data (Fig. 7 and Fig.8). 

To investigate more precisely the dynamic of cytoskeleton, Rho GTPase activities were 

investigated. This family is represented by Rho, Rac and CDC42 proteins, and  is involved in 

cell migration and morphology by controlling the dynamic of actin cytoskeleton [56]. 

Previous results obtained on Schwann cells have demonstrated the ability of LRP-1 to 

regulate these proteins [57] Interestingly, a decrease by 50% of Rho GTPase activity was 

observed in LRP-1-deficient cells cultured onto fibronectin which can be correlated to the 



results obtained using AFM and videomicroscopy (Fig.2 and Fig. 4). When cells are cultured 

on type I collagen, no significant modification were observed when LRP-1 was silenced. It is 

worth to mention that our study measured the global activity of RhoGTPases and not only 

Rho. It could be of interest to focus only on Rho proteins and their associated kinases. 

Moreover, RhoA was usually maximally activated to nearby to the leading edge [58].  

By looking at the results of immunofluorescence more closely, it seems that shLRP-1 cells 

seeded on collagen lost their polarity and turned out to be characterized by two leading 

edges inducing a migration way in opposite direction without efficient movement. These 

observations have been corroborated by time lapse study (see supplementary video files). 

In conclusion, our study demonstrates thanks to a multi-technique approach focusing on 

AFM measurements that LRP-1 acts as a pro-migratory actor in MDA-MB-231 cells and that 

extracellular proteins found in breast microenvironment such as fibronectin or type I 

collagen are able to modulate this effect.  
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Figures legends 

Figure 1: Short hairpin LRP-1 strategy induced LRP-1 silencing in triple negative breast 

cancer cell line (MDA-MB-231) (A) transcriptional level of LRP-1 was assessed by RTqPCR. 

Level of LRP-1 mRNA expression in shCtrl was fixed arbitrary at 100%. (B) whole cell extracts 

from shCtrl and shLRP-1 were analysed by SDS PAGE followed by western blotting using an 

anti-LRP-1 and anti-GAPDH antibodies (Left panel). Graphical representation of LRP-1 protein 

expression normalized with GAPDH (Right panel). Data are representative of three separate 

experiments. **p <0.01 (t-test). 

Figure 2. LRP-1 silencing in MDA-MB-231 leads to an increase of the Young’s modulus by 

2.5 to 3-fold on type I collagen and fibronectin.  

 (A) Quantification of the average Young’s modulus of shCtrl and shLRP-1 cells seeded onto 

collagen and fibronectin. (B) Mapping of the Young’s modulus obtained by PFQNM for shCtrl 

(1) and shLRP-1 (2) MDA-MBA-231 cells seeded on type I collagen. To emphasize the 

differences, a logarithm scale is used. Corresponding peak force error images, related to the 

topography changes, are shown in inset. *** p<0.001 (Mann Whitney-U test) 

 



Figure 3: Topographical AFM measurements of MDA-MB-231 cells on type I collagen, and 

fibronectin. The height section, measured on collagen (black) and fibronectin (crosslines), is 

significantly decreased on collagen when LRP-1 was silenced. This is correlated with an 

increased spreading capacity of the cells. * p<0.05, **p<0.01, NS Non Significant (t-test). 

 

Figure 4 LRP-1 silencing in MDA-MB-231 decreases the cell speed and impairs directional 

persistence. (A) Full trajectory of shCTRL cell (left column) and shLRP cells (right column) 

seeded on type I collagen (upper lane) and fibronectin (bottom lane). The shCTRL cells show 

higher migration than the shLRP-1 over a representative nine-hour period. (B) 

Representative average cell speed on type collagen and fibronectin after 24 h. **p ≤ 0.01 (t-

test). 

 

Figure 5. LRP-1 silencing MDA-MB-231 impairs the migration speed, measured over the 

retraction tail and the migration front. (A) Peak force error images (z-scale: 0 to 50 pN) 

were captured on collagen coated-substrates. Nominal force (down to 10 pN) was minimized 

to avoid overstressing the cells. In 1 and 2 are shown 50x25 µm images of a retraction tail, 

with a 8 min-time difference. In 3 and 4 are shown 50x30 µm images of a migration front, 

with a 22 min-time difference. (B) migration speed on type I collagen (black) and fibronectin 

(crossline), for the retraction tail and the migration front.  

 

Figure 6. LRP-1 silencing decreases the number of membrane protrusions on type collagen 

and fibronectin. Example of Images used to count the filopodia, protrusions and estimate 

the height of the protrusions. The present images give representative examples of how the 



filopodia can be visualized (1) and how cross-sections can be performed on the protrusions 

(2).  

 

Figure 7. LRP-1 silencing impairs RhoGTPases activities on fibronectin 

Quantification of the RhoGTPases activities in MDA-MB-231  shCtrl and shLRP-1 cells seeded 

onto collagen and fibronectin for 24hrs  Datas are representative of two separate 

experiments. NS. Non significant, *p<0.05 (t-test) 

 

FIG. 8. LRP-1-silencing in MDA-MB-231 exhibits striking differences in actin cytoskeleton 

and focal adhesion organization. shCTRL (1, 3, 5) and shLRP-1 (2, 4, 6) cells were plated onto 

collagen (A) or fibronectin (B) for 24hrs before to be fixed (4% paraformaldehyde). Cells 

were incubated with phalloidin-alexa 488
TM

 for actin filaments staining (green) and anti-talin 

antibody and labelled with secondary antibody linked to Alexa 568
TM

 (red). Nuclei were 

counterstained with DAPI (blue). Fifteen to twenty imges were captured with a 0.25µm Z 

step. Images 1 and 2 correspond to a z-projection, images 3 and 4 correspond to an 

isosurfacic representation and images 5 and 6 show co-localized voxels between actin and 

talin. Images are representative of three separate experiments. Scale bar: 10µm 

 

Table 1. Quantification of the number of membrane protrusion on collagen and fibronectin 

On both substrates, the data tend to prove than the membrane remodeling is more present 

on control than on ShLRP-1 cells, which is a marker of higher migration capabilities.  

 





















Sample filopodes protrusions Protrusion height

Ctrl Coll 12 27,7 381,9 nm

SHLRP1 Coll 13,5 21,1 269 nm

Ctrl Fibro 33,3 22,4 319,3

SHLRP1 Fibro (ND) 14 167

Table 1






