s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Biomaterials. Author manuscript; available in PMC 2018 January 22.

Published in final edited form as:
Biomaterials. 2017 May ; 127: 61-74. doi:10.1016/j.biomaterials.2017.02.035.

Biomaterial-enabled delivery of SDF-1a at the ventral side of
breast cancer cells reveals a crosstalk between cell receptors to
promote the invasive phenotype

Xi Qiu Liuab.c.d”* | aure Fourel®f, Fabien Dalonneau®P, Rabia Sadir9, Salome Leal2P,
Hugues Lortat-Jacob9, Marianne Weidenhaupt2P, Corinne Albiges-Rizo®f, and Catherine
Picartab”

8CNRS UMR 5628 (LMGP), 3 parvis Louis Néel, 38016 Grenoble, France

bUniversité Grenoble Alpes, LMGP, 3 parvis Louis Néel, 38016 Grenoble, France
°FONDATION ARC, 9 rue Guy Méquet 94803 Villejuif, France

dTongji Medical College, Huazhong University of Science and Technology, Wuhan, 430030, PR.
China

®Inserm U1209, Université Grenoble Alpes, Institut Albert Bonniot, Site Santé, 38042 Grenoble
cedex 9, France

fCNRS UMR5309, Institute for Advanced Biosciences, Institut Albert Bonniot, 38700 La Tronche,
France

9Institut de Biologie Structurale, UMR 5075, Univ. Grenoble Alpes, CNRS, CEA, F-38027
Grenoble, France

Abstract

The SDF-1a chemokine (CXCL12) is a potent bioactive chemoattractant known to be involved in
hematopoietic stem cell homing and cancer progression. The associated SDF-1a /CXCR4 receptor
signaling is a hallmark of aggressive tumors, which can metastasize to distant sites such as lymph
nodes, lung and bone. Here, we engineered a biomimetic tumoral niche made of a thin and soft
polyelectrolyte film that can retain SDF-1a to present it, in a spatially-controlled manner, at the
ventral side of the breast cancer cells. Matrix-bound SDF-1a but not soluble SDF-1a induced a
striking increase in cell spreading and migration in a serum-containing medium, which was
associated with the formation of lamellipodia and filopodia in MDA-MB231 cells and specifically
mediated by CXCR4. Other Knockdown and inhibition experiments revealed that CD44, the major
hyaluronan receptor, acted in concert, via a spatial coincidence, to drive a specific matrix-bound
SDFa-induced cell response associated with ERK signaling. In contrast, the f1 integrin adhesion
receptor played only a minor role on cell polarity. The CXCR4/CD44 mediated cellular response
to matrix-bound SDF-1a involved the Racl RhoGTPase and was sustained solely in the presence
of matrix-bound SDFa, in contrast with the transient signaling observed in response to soluble
SDF-1a. Our results highlight that a biomimetic tumoral niche enables to reveal potent cellular
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effects and so far hidden molecular mechanisms underlying the breast cancer response to
chemokines. These results open new insights for the design of future innovative therapies in
metastatic cancers, by inhibiting CXCR4-mediated signaling in the tumoral niche via dual
targeting of receptors (CXCR4 and CD44) or of associated signaling molecules (CXCR4 and

Chemokines; SDF-1a/CXCL12; breast cancer cells; metastasis; tumoral niche; hyaluronan;
polyelectrolyte multilayer films; CXCR4; CD44

Introduction

Chemokines are small chemoattractant molecules that bind to specific transmembrane
receptors at the plasma membrane of target cells [1] and play a central role in the regulation
of cell migration, trafficking and metastatic dissemination of cancer cells [2, 3]. SDF-1a
(also known as CXCL12) is a major chemokine, which is secreted in bone marrow, lymph
nodes, liver and lung [3]. SDF-1a plays a key role in lymphocyte homing, chemotactic
response, secretion of angiogenic factors [4] and in a large number of cancers [5]. Its major
receptor CXCRA4 is expressed at the surface of many types of solid tumors and leukemic
cells [5], including malignant breast cancer cells [6]. The cancerous process leads to CXCR4
dysregulation, enhanced signaling and cancer metastasis at distant sites such as lung and
bone.

Today, breast cancer is the leading cancer-related death cause among women. In its early
stages, breast cancer is usually not fatal but its metastatic spread is responsible for at least
90% of breast cancer-associated mortality [7]. Aggressive breast cancers can metastasize to
bone, liver, lung and brain [8] and exhibit an increased CXCR4-signalling [5, 9]. 70% of
advanced breast cancer patients, namely HER2 and triple negative patients [9], have skeletal
metastasis often leading to mortality [10, 11]. CXCR4 was found to be a prognostic marker
of these aggressive breast cancers [5, 9, 12].

Importantly, in the complex ECM microenvironment, cells encounter a multitude of
coordinated stimuli that are biochemical, structural and mechanical in nature [13] and the
ECM plays a crucial role in the presentation of bioactive molecules [14]. For instance,
SDF-1a can interact with ECM components such as heparan sulfates [15], which are
important for an appropriate tissue revascularization after induced acute ischemia [16].
SDF-1a can also interact with hyaluronan [17], a structural component in the tumor ECM
[18, 19] known to promote tumor progression [20]. By modulating of its interaction with
extracellular matrix (ECM) components, SDF-1a is suspected to increase the survival rate of
cancer cells in bone marrow [21]. Thus, presentation of chemokines by an appropriate ECM
is physiologically relevant both in healthy and cancerous situations [15, 22]. ECM
mechanics is another important factor in cell differentiation [23, 24], migration [25, 26],
tumor formation and progression [27-31]. High-grade infiltrating ductal carcinoma has a
stiffness of ~ 40 kPa [32] and metastasis in the spinal cord of 200-600 kPa [33, 34].
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So far the majority of /n vitro studies, targeting the role of SDF-1a on cancerous processes
have been performed by delivering it in solution to cells grown on tissue culture plastic and
glass coverslips [35, 36]. These are stiff substrates [37], which are not representative of the
microenvironments encountered in tumors. To date, no study aimed at investigating the
effects of SDF-1a delivered in a matrix-bound manner on breast cancer adhesion and
migration.

Here, we used the layer-by-layer (LbL) technique as a thin biomimetic matrix to deliver
SDF-1a to cancer cells in a matrix-bound manner. LbL films allow the precise control of
various parameters such as film architecture [38, 39], chemistry, thickness and stiffness [40,
41] to elucidate cell signaling [42]. By carefully selecting the film components and
appropriate physico-chemical conditions, it is possible to engineer LbL films that mimic the
ECM thin matrix and contain bioactive molecules such as peptides and proteins [43-46]. We
recently showed that polyelectrolyte multilayer films made of poly (L-lysine) (PLL) and
hyaluronan (HA) can store tunable amounts of the SDF-1a. chemokine [45]. In the present
study, our aim was to investigate how breast cancer cells respond to SDF-1a delivered
locally at their ventral side via such a thin biomaterial. We focused on adhesion and
migration, which are two major events of cancer cell metastasis. In contrast to soluble
SDF-1a, whose effects were masked in the presence of serum, matrix-bound SDF-1a
enabled to reveal, thanks to the spatial proximity of both receptors and to their coincidence
signaling, a crosstalk between SDF-1a and the hyaluronan receptor CD44. Both CXCR4
and CD44 drive, in a Racl-dependent manner, cellular spreading and migration. This spatial
coincidence strikingly potentiates the downstream ERK signaling of the ERK1/2 kinase. Our
results highlight that a biomaterial presenting SDF-1a in a matrix-bound manner can be
used for future cancer therapy studies.

Materials and methods

1 Multilayer film preparation, crosslinking and SDF-1a loading

HA (MW 360,000 g/mol) was purchased from Lifecore (Chaska, MN, USA). PLL (P2636)
and PEI (polyethyleneimine, 7x10% g/mol) were purchased from Sigma (St-Quentin
Fallavier, France). (PLL/HA) film building, crosslinking and SDF-1a loading (Figure 1A)
were done as previously described [45]. Briefly, PLL (0.5 mg/mL) and HA (1 mg/mL) were
dissolved in Hepes-NaCl buffer (20 mM Hepes at pH 7.4, 0.15 M NaCl). Film deposition on
14 mm glass slides was performed using an automated dipping robot [47]. For 96-well
plates, films were manually deposited starting with a first layer of PEI at 5 mg/mL followed
by the deposition of a HA-(PLL/HA)1, film. Films were crosslinked for 18 h at 4°C using 1-
ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC) at 30 mg/mL and sulfo N-
hydrosulfosuccinimide (sulfo-NHS) at 11 mg/mL. Final washing was performed with the
Hepes-NaCl buffer for 1 h. The multilayer films will be named hereafter EDC30 film. Such
films have a Young’s modulus of ~ 200 kPa [41, 48].

Murine SDF-1a. was cloned into a pET17b vector, expressed and purified as described
previously [45, 49]. For SDF-1a loading into the films, the films were first pre-equilibrated
for 30 min in 1 mM HCI. SDF-1a at 100 pg/mL in 1 mM HCI was adsorbed on the films
overnight at 4°C. Then, the film-coated glass slides were washed with Hepes-NaCl solution
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at regular time intervals during 2 h. The incorporated amount of SDF-1a. in the films was
measured based on a calibration curve obtained with known amounts of fluorescent SDF-1a
in solution as previously reported [45]. The final adsorbed amounts (after thorough rinsing
of the films) increased with the initial concentration of SDF-1a in solution (Figure SI1).
SDF-1a loaded films were sterilized for 15 min under UV light for downstream cell
experiments [45]. SDF-1a delivered in a matrix-bound manner from the films will be named
hereafter bSDF. As a control, soluble SDF-1a (1 pg/mL) is added to cells on the
polyelectrolyte films and is named hereafter SSDF.

2 Cell culture and antibodies

Human epithelial breast cancer cells (MDA-MB-231) were obtained from ATCC and
cultured in DMEM medium supplemented with 10% foetal bovine serum (FBS, PAA
Laboratories, Les Mureaux, France) and 1% antibiotics (penicillin G and streptomycin).
MCF7 breast adenocarcinoma cell lines (generous gift from L. Lafanechere) were cultured
in RPMI supplemented with 10% FCS, insulin (10 pg/mL) and 1% antibiotics (penicillin G
and streptomycin). MCF10A cells (generous gift from L. Lafanechere) were culture in
RPMI with horse serum (5%) supplemented with epidermal growth factor (25 ng/mL),
hydrocortisone (0.5 pg/mL), cholera toxin (1 pg/mL) and insulin (10 pg/mL).

The following antibodies were used for Western Blotting: rabbit-anti-B1 integrin (generous
gift from the Albigés-Rizo lab), mouse-anti-CD44 (sc9960, Santa Cruz Biotechnology),
rabbit-anti-CXCR4 (ab2074, Abcam), rabbit-anti-phospho-Erk1/2 (#4370, Cell Signaling)
and mouse-anti-p tubulin antibody (T4026, Sigma). For immuno-fluorescence, rabbit-anti-
CXCR4 (ab2074, Abcam), mouse-anti-p1 integrin (LS-C134368, LifeSpan BioSciences)
and rat-anti-CD44 antibodies (553131, clone IM7, BD Pharmingen) were used. For receptor
blocking, mouse-anti-p1 integrin blocking antibodies (clone 4B4) were purchased from
Beckman Coulter, rat-anti-CD44 (clone IM7) was from BD Pharmingen and mouse-anti-
CXCR4 blocking antibodies (clone 12G5) were from R&D Systems. For inhibition studies,
the Racl inhibitor (NSC23766) was purchased from Calbiochem and the Cdc42 inhibitor
(ML141) was from Tocris.

3 Quantification of cell adhesion

MDA-MB231 cells were seeded at 15,000 cells/cm? for 16 h. To quantify cell spreading,
cells were labeled with rhodamine-phalloidin (1:800, Sigma, France). Fluorescence images
were analyzed with ImageJ software (v1.42, NIH, Bethesda) to determine three different
parameters: average cell area, circularity and aspect ratio. Cell circularity is defined as
4r(AIP?), where A is the cell area and P the perimeter: a circularity value of 1.0 indicates a
circular shape, while decreasing values towards 0 indicate an increasingly elongated ellipse.
The aspect ratio is defined as the ratio of the length of the Major Axis to the Minor Axis of
an ellipse fitted to the cell area. It gives information about the cell elongation.

For the quantification of cell protrusions, the F-actin-dependent cellular protrusions
(lamellipodia and filopodia) were determined morphometrically: lamellipodia are highly
compact meshworks of actin filaments found at the leading edge of motile cells; filopodia
are short bundles of actin filaments, protruding from the cell surface [50].
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For inhibition of cell adhesion using anti-integrin antibodies, MDA-MB-231 cells
(5%104/mL) were pre-incubated for 10 min at RT with different blocking antibodies against
1 integrin (2 pg/mL), CD44 (1 pg/mL) or CXCR4 (30 pg/mL). Then, the cells were seeded
at 15,000 cells/cm? on the bSDF films and incubated for 16 h in the presence of the blocking
antibodies. For inhibition of signaling proteins, MDA-MB-231 cells were seeded at 15,000
cells/cm? on the bSDF films in the presence of Rac1 inhibitor (100 pM) or Cdc42 inhibitor
(10 uM), and incubated for 16 h.

4 Cell transfection with small interfering RNAs

SiRNAs against p1 integrin, CD44, CXCR4, Rac 1 and Cdc42 (ON-TARGETplus
SMARTDpool), silencing respectively human B1 integrin, CD44, CXCR4, Racl and Cdc42
were purchased from Thermo Scientific Dharmacon. A scrambled siRNA (All Stars negative
control siRNA, Qiagen) was used as a control. For MDA-MB-231 cell transfection with
SiRNAs, the cells were seeded at 150,000 cells/well in a 6-well plate and cultured overnight.
The transfection mix for one well was prepared by adding 6 L of lipofectamine RNAIMAX
Reagent (Invitrogen) to 305 pL of Opti-MEM medium (Gibco) and 0.72 pL of 100 uM
SiRNA to another 305 L of Opti-MEM medium. The lipofectamine-containing mix was
added to the siRNA-containing mix and incubated for 20 min at room temperature. Prior to
transfection the medium in the wells was replaced by medium without antibiotics. Then 610
pL of the final mix were added to each well. After 24 h incubation at 37°C, the cells were
transfected for a second time, following the protocol described above and incubated for
another 24 h. Then the cells were detached using trypsin-EDTA, seeded at 15,000 cells/cm?
on the films loaded with SDF-1a and incubated for 16 h.

5 Time-lapse acquisition and quantification of cell migration

6

For quantification of cell migration on SDF-1a loaded films, MDA-MB-231 cells were
seeded at 15,000 cells/cm? in different experimental conditions (no SDF, soluble SDF
named hereafter SSDF, bSDF). After 4 h at 37°C, cells were imaged every 10 min for 16 h
with a 63X oil objective using a LSM 700 confocal microscope (Carl Zeiss Sas, Le Pecq,
France) equipped with a controlled environmental chamber (37°C and 5% CO5). Time-lapse
images and movies were assembled using Image J software (v1.42, NIH, Bethesda).
Individual cell tracking was performed using the “Manual tracking” plugin, which allows to
select a cell, and record its movement by following its position on each frame. At least 20
cells were analyzed for each condition in each independent experiment and two independent
experiments were done. All data were analyzed using the “Chemotaxis tool” (Image J),
which provides graphic and statistical analysis of the datasets. X/Y calibration and time
intervals were fixed based on the parameters of time-lapse images. A summary of all
extracted data, including cell migration speeds, was generated under “Statistic feature” of
the Image J macro.

Immunofluorescence

Cells were fixed with 3.7% formaldehyde for 20 min and permeabilized in 0.2% Triton
X-100 for 4 min. For receptor distribution studies, cells were labeled with anti-CXCR4
(1:100), anti-p1 integrin (1:400), or anti-CD44 (1:100) antibodies. Primary antibodies were
detected using Alexa Fluor 488-conjugated goat anti-rabbit, Alexa Fluor 568-conjugated
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goat anti-mouse, or Alexa Fluor 647-conjugated goat anti-mouse antibodies (at 1:200,
Molecular Probes, Invitrogen, France). All the slides were mounted onto coverslips with
antifade reagent (Prolong, Invitrogen). Observations were made on an Axiovert 200 M
microscope and a LSM 700 confocal microscope (both from Carl Zeiss SAS, Le Pecq,
France) using 20X or 63X objectives. Images were acquired with Metaview software using a
CooISNAP EZ CCD camera (both from Ropper Scientific, Evry, France).

7 Gel electrophoresis and immunoblotting

EDC30 films were prepared on 32 mm diameter glass slides with an automated dipping
machine (Dipping Robot DR3, Kirstein and Vigler GmbH, Germany) and SDF-1a was
loaded at 100 pg/mL. MDA-MB-231 cells were seeded at 15,000 cells/cm? on films with or
without SDF-1a and incubated for 16 h. In the case of ERK phosphorylation for cells on
TCPS, MDA-MB-231 cells were first seeded on TCPS at 15,000 cells/cm?, then starved in a
serum-free medium overnight before being incubated with 1 pg/mL SDF-1a for 0, 5, and 30
min. Cells were then scraped, rinsed in PBS, and lysed in 2xLaemmli sample buffer (Sigma,
France). After boiling, 10 L of total protein samples were loaded and run on 10%
polyacrylamide gels before transfer onto PVDF membranes (GE Healthcare, United
Kingdom). Membranes were then saturated in 5% BSA in Tris-buffer saline (TBS) that
contained 50 mM Tris-HCI and 150 mM NaCl with 0.1% Tween 20 for 1 h and subsequently
incubated with antibodies against p1 integrin (1:1000), CD44 (1:100), CXCR4 (1:2000),
pPERK1/2 (1:2000) and § Tubulin (1:1000). Membranes were washed and incubated with
peroxydase-conjugated anti-mouse, anti-rat or anti-rabbit secondary antibodies (Jackson
immunoResearch), respectively. Peroxidase activity was visualized by ECL (West pico
signal, Pierce) using a ChemiDoc MP imaging system (Bio-Rad).

8 Statistical analysis

Results

Data for at least 50 cells are presented as box plots (15t quartile, median, 3" quartile, the
limits being 10 and 90% and the extreme values 5 and 95%, respectively). Experiments were
performed in duplicate or triplicate, with 2 or 3 samples per condition in each experiment.
For the quantification of protrusions, vertical bars show the mean % values * standard
deviation for a given cell phenotype, the total number of cells counted for all phenotypes
together (L+/F+, L+/F-, L-/F+, L-/F-) being set to 100%. Statistical analysis was performed
between more than two groups using analysis of variance (ANOVA) and pair wise
comparisons to obtain p values (p < 0.05 was considered significant)

1 bSDF increases cell area and cell migration of breast cancer cells

In our previous study, we have shown that controlled and tunable amounts of SDF-1a can be
loaded in and released from (PLL/HA) films [45]. Here, we compared two presentation
modes of SDF-1a (Figure 1B), with soluble SDF-1a added to cells spread on the
polyelectrolyte films (SSDF) or matrix-bound SDF-1a delivered to cells at their ventral side
(bSDF). As a negative control, we also studied cells in the absence of SDF-1a. (no SDF).
Preliminary experiments enabled us to assess that MDA-MB-231 cells responded to
bSDF-1a by spreading on soft films in a reproducible manner, when different SDF-1a
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batches were used (initial SDF-1a loading concentration 100 pg/mL). In these experimental
conditions and after a thorough rinsing of the film, the final bSDF-1a amount was 2.64
+ 0.25 pg/cm? as quantified by fluorescence spectroscopy (Figure SI1).

First, we quantified MDA-MB-231 breast cancer cell spreading in different conditions (no
SDF, sSDF and bSDF) by staining the actin cytoskeleton (Figure 2). In the absence of SDF
or with sSDF, cells were round and poorly spread (Figure 2A) with mean cell areas of 584

+ 169 pm? and 689 = 315 um?, respectively (Figure 2B). In contrast, cell spreading on bSDF
films was significantly higher with a 3-fold increase in the cell area (1534 + 543 um2). Cell
circularity was significantly higher in the absence of SDF and with sSDF (0.84 + 0.09 and
0.61 + 0.14, respectively) than with bSDF (0.38 + 0.13). We verified that UV sterilization
did not affect the effect of bSDF on cell attachment and spreading (Figure SI2). In addition,
we observed that MDA-MB-231 cells displayed F-actin rich structures at the cell periphery
including lamellipodia and filopodia solely in response to bSDF (Figure 2A, arrow). They
also appeared elongated and polarized. Due to their heterogenous spreading, we decided to
classify the cells according to four different phenotypes (Figure 2C): presenting lamellipodia
and filopodia (L+/F+), lamellipodia but no filopodia (L+/F-), no lamellipodia but filopodia
(L-/F+), and finally cells devoid of lamellipodia and filopodia (L-/F-). We quantified the %
of cells in each category for the three experimental conditions (Figure 2D). In the absence of
SDF, 96.2 + 6.2% of the cells were round without lamellipodia or filopodia. SSDF slightly
increased the formation of protrusions, with 7.2 + 5.2 % presenting the L+/F- and 12.0

+ 10.3 % the L-/F+ phenotypes, respectively. However, there were only a few cells
presenting both lamellipodia and filopodia (L+/F+, 2.5 + 1.4%). In contrast, bSDF promoted
the formation of both lamellipodia and filopodia with 37.3 £ 10.2% of the cells being L+/F+.
Furthermore, 21.2 + 13.3 % of the cells exhibited only lamellipodia and 20.3 + 9.7% only
filopodia. In total, there were more than 78% of the cells exhibiting protrusions, whether
lamellipodia or filopodia or both, versus 3.8 % and 21.7 % with no SDF or sSDF,
respectively (Figure 2D).

Thus, our results show that the formation of protrusions was specifically induced by the
presentation of SDF in a matrix-bound manner while soluble SDF only rarely induced
protrusions.

The bSDF1-mediated cell response on cell spreading was confirmed on two other breast
cancer cell lines, MCF-7 cells, which are reported to be malignant but non-invasive cells and
MCF10A cells, which are immortalized by non-malignant [51]. MCF-7 are known to
respond to SDF1a since they express its receptors [52, 53]. Similarly to MDA-MB231 cells,
we found that MCF-7 barely adhered and were very round on the EDC30 films (Figure SI3).
They remain so, even in the presence of SSDF-1a . In contrast, they were more spread on
bSDF-1 and exhibited numerous protrusions (Figure SI13). There was a 53 % increase in cell
spreading (565 + 186 pm?2 with no SDF versus 865 + 273 um? with bSDF) associated with a
loss of circularity (0.65 + 0,18 with on SDF versus 0.44 + 0,12 with bSDF). bSDF promoted
the formation of lamellipodia with 37.0 = 22.9 7% of the cells being (L+/F-) in comparison
to 3.5 % for 3.5 for no SDF. MCF10A cells also responded to bSDF (Figure SI4) with a
drastic increase in cell spreading (2.9 fold from 449 + 175 pm?2 with no SDF to 1317 + 358
um?2 with bSDF) and decrease in circularity index (0.77 #+ 0.12 with no SDF versus 0.52
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+ 0,18 with bSDF). However, this cell spreading was not associated with lamellipodia or
filopodia formation (Figure S14). These data clearly show that, in addition to MDA-MB231
cells, MCF7 and MCF10A cells respond to matrix-bound SDF in a different manner, by an
increased spreading and by become protrusive in the case of MCF7 cells.

Soluble SDF-1a is already known to trigger breast cancer cell migration in chemotaxis
assays using porous membranes (“Transwells™), when there is no added serum in the culture
medium [36, 54]. We next addressed the question whether bSDF and sSDF could influence
the migration of the most invasive cells, the MDA-MB-231 cells [55], in our culture
conditions (serum-containing growth medium). Time-lapse experiments were performed for
cells cultured on the different films for 16 h (Figure 3). Representative migration tracks of
cells are shown in Figure 3A as well as the quantification of the cell migration speed (Figure
3B). In the absence of SDF-1a, MDA-MB-231 cells migrated randomly on films at 21.0

+ 8.4 um/h. sSDF slightly but non significantly increased the cell migration speed to 26.4

+ 8.0 um/h, while bSDF significantly increased cell migration to 57.0 + 17.4 ym/h (p<
0.05). Note that we did not observe a directional migration, which may be due to the
homogeneous presentation of SDF-1a in the films.

Together, our data show that there is an increase of spreading, of protrusions and of
migration of MDA-MB-231 breast cancer cells in response to SDF presented by LbL films.

2 Breast cancer cell response to bSDF involves both CXCR4 and CD44 receptors

We next investigated whether the adhesive and migratory response of MDA-MB-231 cells
upon SDF presentation might involve adhesion receptors, in addition to the SDF-1a receptor
(Figure 4). CXCR4 is known to be the major SDF-1a receptor in MDA-MB-231 cells [56].
Besides, these cells are known to express one of the adhesive receptors, CD44 known to
interact with hyaluronan which is the polyanionic component of the LbL film and an
important component in the tumor-associated stromal ECM [57]. MDA-MB-231 cells also
express high levels of the B1 integrin adhesion receptor [58, 59], which is involved in cell-
ECM interactions or adhesive structures [56-58], in comparison to other beta chain integrins
such as 3, which are also known to be involved in metastasis [59].

We observed the spatial distribution of CXCR4, CD44 and p1 integrins in bSDF-spread cells
by confocal microscopy (Figure 4A). Whereas CXCR4 exhibited a homogeneous and
punctuate distribution all over the cell, both CD44 and B1 integrin are concentrated together
in adhesive patches localized at the edge of cellular protrusions in focal adhesions.
Furthermore, filopodia were positive for CD44 but devoid of CXCR4 at their tips.

Quantitative expression of the three receptors was assessed by Western blot in the absence or
presence of bSDF (Figure 4B). The Western blots confirmed that CXCR4, CD44 and p1
integrins are expressed in MDA-MB-231 cells plated on the films in the absence of SDF.
bSDF induced a slight increase in both CXCR4 and CD44 without significant difference as
judged from the quantification of signals obtained using Western blots (Figure 4C). The
expression level of B1 integrin was not changed. Our results indicate that, beside the CXCR4
chemokine receptor, an adhesion receptor, CD44, may come into play in the MDA-MB-231
cell response to bSDF.

Biomaterials. Author manuscript; available in PMC 2018 January 22.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Liuetal.

Page 9

In order to investigate the respective roles of CXCR4, CD44 and B1 integrin in the cell
response induced by bSDF, we knocked down the expression of these receptors (Figure 5) to
analyze their impact on cell spreading area and cell circularity (Figure 5A and B), aspect
ratio (Figure 5C) and the formation of protrusions (Figure 5D). The efficiency of SiRNA-
mediated receptor silencing was confirmed by Western blotting (Figure 5E). Both CXCR4
and CD44 inhibition using blocking antibodies (Figure SI5) or siRNA silencing (Figure 5
AB) led to a significant decrease in cell area to 50.3 + 10.1% and 47.6 £ 10.9%,
respectively, compared to cells on bSDF with a control siRNA, which was associated with
an increase in their circularity. Qualitatively similar differences were obtained with a
significant loss of cell spreading, aspect ratio and increase in circularity when CXCR4 or
CD44 are blocked. In contrast, 1 integrin silencing (Figure 5B) or blocking (Figure SI5)
did not significantly affect cell area nor circularity, and the aspect ratio slightly decreased
but was still high (Figure 5B), showing that cells retained part of their polarity.

Importantly, MDA-MB-231 cells lost the majority of their protrusions and mostly became
devoid of lamellipodia in response to CXCR4 and CD44 silencing (Figure 5D). The
proportion of L+/F+ cells dropped from 37.3 + 10.2% (siControl) to 19.7 £ 13.4% and 5.5

+ 3.7%, for siCXCR4 and siCD44, respectively. The proportion of L+/F- cells, which was
21.2 + 13.4% for the siControl, dropped to 4.8 + 1.2% and 0.6 + 1.2%, respectively for
SICXCR4 and siCD44. Thus, the effect of CD44 silencing on lamellipodia formation was
stronger than that induced by CXCR4 silencing. B1 integrin silencing, surprisingly, also led
to an increase in the proportion of L+/F+ cells from 37.3 £ 10.2% t0 69.4 £ 6.0% in
comparison to the control, while the proportion of L-/F- cells decreased from 21.1 £ 5.5% to
1.1+ 1.5%.

To investigate possible functions of B1 integrin on cell adhesion and spreading on the
polyelectrolyte films, we also performed experiments on stiffer films (EDC70). In contrast to
EDC30 films, MDA-MB -231 cells were able to spread on EDC70 in the absence of
SDF-1a (Figure SI6) On such stiffer films, cell area and protrusions (especially
lamellipodia) significantly decreased after B1 integrin blocking (Figure SI6A) and silencing
(Figure S16B), showing a role of B1 in stiffness sensing.

Next, time lapse microscopy was used to determine the effects of CXCR4, CD44 and p1
integrin on bSDF-induced cell migration (Figure 6). The cell tracks are shown in Figure 6A.
Cell migration speed significantly decreased from 65.1 = 14.0 um/h (siControl) to 30.8

+ 11.3 um/h and 26.7 £ 10.7 um/h after silencing CXCR4 and CD44, respectively (Figure
6B). In contrast, knocking-down B1 integrin slightly but non-significantly decreased the cell
migration speed to 51.1 £+ 15.0 um/h.

Altogether, our results demonstrate that, beside the SDF-1a receptor CXCRA4, the adhesion
receptor CD44 is a key actor in MDA-MB-231 cell adhesion and migration in response to
bSDF, while the adhesion receptor 1 integrin rather plays a role in cell polarization.

4 DbSDF induces ERK1/2 phosphorylation in a Racl-dependent manner

Racl and Cdc42 are two members of the Rho GTPase family involved in actin
reorganization [50]. Racl is essential for lamellipodial protrusions while Cdc42 triggers the
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formation of filopodia [50, 60, 61]. To investigate a potential link between bSDF-induced
cellular effects and Racl or Cdc42 signaling, we analyzed cell spreading, circularity and
protrusion formation after inhibition of Rac1 or Cdc42 signaling using either inhibitors or
siRNA-mediated silencing (Figure 7). Racl inhibition using NSC23766 strongly decreased
bSDF-induced cell spreading, while the Cdc42 inhibitor (ML141) had no significant effect
(Figure 7A,B). In addition, the proportions of L+/F+ cells decreased from 52.4 + 15.2% to
3.7 £ 0.9% and 9.3 + 8.6%, respectively in the presence of Racl and Cdc42 inhibitors
(Figure 7C). 77.0 + 1.8% of the cells were without protrusion (L-/F-) in the presence of
Rac1 inhibitor, in comparison to 15.7 + 7.3% for bSDF, while 79.4 £ 6.3% of the cells
exhibited lamellipodia but no more filopodia (L+/F-) in the presence of the Cdc42 inhibitor
compared to 14.4 £ 9.1% for the control (Figure 7C).

Besides, we noted a decrease of the L-/F+ population from 14.4 + 9.1% (control) to 4.2

+ 3.2% after Cdc42 inhibition, while there was no change for the Racl inhibitor with respect
to this phenotype (17.2 £ 5.8%). This highlighted, as anticipated, that filopodia formation
was Cdc42-dependent and not Racl-dependent (Figure 7).

Silencing Racl and Cdc42 activity, using siRNA mediated knock-down, qualitatively
confirmed these results (Figure 7D,E,F). In the case of Racl silencing, there was a
statistically significant decrease in cell area (to 39.3 + 13.6% of the control) and an increase
in cell circularity (0.52 £ 0.15 in comparison to 0.28 + 0.07 for the control) (Figure 7E). In
addition there was a drastic increase in the number of cells presenting an L-/F- phenotype,
with 65.4 + 14.9% in comparison to 14.2 + 9.23% for the control (Figure 7F). In contrast,
silencing Cdc42 strongly decreased the proportion of cells that exhibited filopodia (6.0

+ 5.0% versus 20.0 + 10.3% for the siControl), but that of lamellipodia L+/F- was similar
(63.0 £ 6.2%versus 60.5 + 10.7 for the siControl).

It is known that signal transduction of soluble SDF-1a via CXCR4 involves a major
pathway, the mitogen-activated protein kinase (MAPK) pathway, which leads to ERK1/2
phosphorylation, important for chemotaxis [62, 63] [64]. Therefore, we next determined the
effects of bSDF on the activation of ERK1/2 in MDA-MB-231 cells in comparison to its
soluble presentation (Figure 8). In the case of sSSDF-1a added at 1 ug/mL to serum-starved
cells grown on tissue culture polystyrene (TCPS), ERK1/2 phosphorylation was observed 5
min after addition of the chemokine but quickly returned to its basal level after 30 min
(Figure 8A). Interestingly, bSDF induced a sustained signaling of phospho-ERK in MDA-
MB231 cells after 16 h, but not in the control group of cells incubated without SDF1a (No
SDF) or with soluble (sSDF) (Figure 8B). CXCR4 and, to a greater extent CD44 silencing
greatly decreased bSDF-induced ERK1/2 phosphorylation (Figure 8C), with a 60% loss of
signaling after CD44 silencing (Figure 8D). Furthermore, Rac1 silencing also drastically
decreased ERK phosphorylation in comparison to Cdc42 silencing (Fig. 8E and F).

Together, these results demonstrate that bSDF triggers the phosphorylation of ERK under
the control of CD44 and Racl.
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Discussion

bSDF-1a is sufficient to trigger MDA-MB231 cell adhesion, migration and the formation of

protrusions

SDF-1a is an important chemokine playing a key role in hematopoietic stem cell homing
[65], development and cancer metastasis [66, 67]. It interacts mostly with the CXCR4
receptor, which is expressed by MDA-MB-231 breast cancer cells and other breast cancer
cell lines (Figure 4 and [36]{Salazar, 2014 #177}). Indeed, recent meta-analysis studies have
shown that an increased expression of CXCR4 during the progression of breast cancer cells
is an indicator of poor prognosis [68, 69]. It is already known using soluble SDF-1a that
SDF-1a/CXCR4 signaling has an important role in cell cytoskeleton rearrangement,
protrusion formation and migration [36]. Furthermore, both SDF-1a and CXCR4 can act in
concert to increase the aggressiveness of breast cancer [70].

Using the layer-by-layer film as a tunable platform, we show that SDF-1a presented by the
matrix, and not as a soluble cue, is able to induce breast cancer cell spreading, migration and
protrusion formation. The EDC30 films (E ~ 200 kPa) [48] have a stiffness close to the
metastasis matrix in the spinal cord [33]. The matrix-bound presentation of SDF-1a by the
films to CXCR4-expressing breast cancer cells can thus mimic a tumoral niche.

To our knowledge, we showed here for the first time that a matrix-bound chemokine can
trigger breast cancer cell adhesion of three different cell lines, MCF10A, MCF7 and MDA-
MB231. Our data are reminiscent of the bSDF-induced spreading of myoblast cells on low
crosslinked polyelectrolyte films [45] and of T-lymphocyte cells on glycosaminoglycan-
biomimetic platforms [71].

The bSDF-induced cellular protrusive activity was characterized in by the presence of
lamellipodia in MCF7 cells (Figure S3) and lamellipodia and filopodia in MDA-MB231
cells (Figure 2) These protrusions are reminiscent of the protrusions induced in CD34+
human progenitor cells plated on a hyaluronan-coated surface, when these cells were
exposed to soluble SDF-1a [72]. bSDF was able to drastically increase cell migration in a
serum-containing growth medium (Figure 3), where the effects of soluble SDF-1a were
masked. This highlights that the local concentration of bSDF at the ventral side of the cell
was sufficient to trigger cell migration. Our data with bSDF are in agreement with previous
chemotaxis (Transwells) assays using sSDF in a low serum-containing medium, which was
necessary to unveil the specific effects of the soluble chemokine [36, 54].

A direct comparison between soluble and matrix-bound concentrations of SDF-1a locally at
the cellular membrane is difficult, as bSDF targets the ventral side of the cells whereas sSSDF
can target any available receptor but mostly those at the dorsal side of the cell. The matrix-
bound presentation enables to increase the local concentration of the chemokine at the cell
membrane in view of the reduced dimensionality [73]: 2D surface presentation for bSDF in
comparison to 3D for the freely diffusing sSSDF molecule. One can get a rough estimate of
the number of CXCR4 receptors knowing that there are ~163,521 + 35,875 binding sites/cell
for SDF-1a in Jurkat cells [74], which are a positive control for CXCR4 expression. This
would correspond to ~ 230 binding sites/um? of cell surface area, considering a Jurkat cell
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area of 700 um?. The bSDF concentration used here (2.6 pug/cm?) would thus correspond to
~2x108 SDF-1a molecules/pm?2of film. This should theoretically be enough to saturate the
endogenous SDF-1a receptors in MDA-MB-231 cells.

Betal integrin is not involved in bSDF-induced cell response on soft films but rather in
stiffness sensing on stiff films

The integrin family of surface receptors also play a critical role in many cellular processes
that include cell adhesion, cell spreading, growth signaling [75, 76], as well as mediating
cell migration towards soluble stimulants/growth factors. Integrins are known to be
mechano-sensors that transduce stiffness-sensing from the ECM into biochemical events and
stimulate cytoskeletal remodeling [77, 78]. Indeed, the tumor stroma is characterized by
ECM remodeling and stiffening [78]. p1 integrin, which is the most expressed integrin in
MDA-MB231 cells [59] was chosen as a candidate to study its functions in bSDF-induced
cell behavior. We found that its spatial distribution at the tips of protrusions was similar to
that of CD44 on well-spread cells on bSDF films and that was localized in focal adhesions
(Figure 4A). Since the polyelectrolyte film itself is not presenting an integrin ligand, p1
integrin may bind to fibronectin coming from the serum or secreted by the cells.

Notably, bSDF did not stimulate the expression of 1 integrin, in contrast to that of CD44
(Figure 4B, C). Besides, after silencing of 1 integrin using siRNA, bSDF-induced cell
spreading and migration on soft films was only slightly but not significantly impaired
whereas cell polarity, as characterized by the aspect ratio, was affected (Figure 5 and 6).
Indeed, B1 integrin was rather a negative regulator of the protrusion formation as the
proportion of L+/F+ cells drastically increased after g1 silencing (Figure 5).

MDA-MB-231 cells spread well and form protrusions on stiffer films (EDC70) without
SDF-1a (Figure S16), which is consistent with previous results obtained for other cancer
cells on collagen gels of increasing stiffness [27]. On the stiff films, we found that cell
spreading and protrusion formation was significantly impaired after B1 integrin blocking
(Figure SI6A) or silencing (Figure SI6B), showing a role of B1 integrin in stiffness sensing
of polyelectrolyte films. Altogether, our results indicate that f1 integrin has a minor role in
the bSDF-induced cell spreading, protrusion formation and migration on soft polyelectrolyte
films but is rather involved in stiffness sensing.

CD44 involvement in the CXCR4-mediated cell response in a Racl-dependent manner is
also related to ERK signaling

Our results show that bSDF-induced MDA-MB-231 cancer cell spreading, migration, and
protrusion formation strongly depend on the HA adhesion receptor CD44 (Figure 5, 6), as
CD44 blocking or silencing drastically reduced cell spreading, migration and completely
changed the cell phenotype to round cells devoid of lamellipodia and filopodia, and impaired
ERK signaling. CD44 was localized at the tips of protrusions in filopodia devoid of CXCR4
(Figure 4). In addition, bSDF-induced CD44 expression in MDA-MB-231 cells (Figure 2).

CD44 is already known to be an important adhesion receptor in breast cancer progression
[79] but its dual role as tumor promotor or suppressor has been highly debated [80].
However, recent studies on cancer stem cell markers suggest that its expression may depend
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on the breast cancer subtype [80], with a low expression for luminal cancers and a high
overexpression for basal breast cancers [81].

Interestingly, our results using bSDF are consistent with short-term actin cytoskeleton
changes already observed in other cell types, especially in hematopoietic progenitor cells
that were plated on HA-coated surfaces in the presence of soluble SDF-1a [72]. For these
cells, the CD44-positive protrusions were also devoid of CXCR4. This initial study [72]
using soluble SDF-1a clearly suggested a crosstalk between the CD44 and CXCR4
receptors although the authors did not study the effect of receptor silencing. Our data are
also in agreement with the uropod formation of human promyelocytic leukemia cells [82]
observed in response to soluble SDF-1a when cells were plated on HA-coated substrates in
vitro. Interestingly, co-presentation of HA and SDF-1a using engineered HA hydrogels was
found to stimulate bone marrow derived cell chemotaxis [17], also suggesting that CD44 and
CXCR4 may act in synergy.

Thus, the crosstalk between the SDF-1a receptor CXCR4 and the HA receptor CD44 may
be a common feature of different cell types and ECM contexts, in which cell adhesion to the
extracellular matrix and migration are important, provided that both receptors can interact
with their ligands in close proximity. This crosstalk may either be induced by bSDF as we
showed here via our bSDF-1a-presenting biofilm, or by surface coatings of HA in
combination with sSDF as shown in previous studies [72, 82].

We further showed here that Rac 1 is involved in the bSDF-induced formation of protrusions
(Figure 7) in MDA-MB231 cells, and that both CD44 and Racl act in concert in the
bSDF-1a-induced ERK phosphorylation (Figure 8). Our data are in agreement with the
identified role of CD44 in the migration of a hepatoma cell line in the presence of HA [83]
as well as on its identified role in ERK phosphorylation. However, ERK phosphorylation
induced by sSDF is known to be a short-term and time-dependent process [62, 63, 84], with
phosphorylation usually lasting for no longer than 30 min. Our data clearly showed that only
bSDF induced a sustained ERK phosphorylation up to at least 16 h of adhesion (Figure 8).
This highlights that the effect of the chemokine presented in a matrix-bound manner at the
ventral side of the cells is much more potent than its transient and short-term signaling when
added in solution. This is especially important in view of the fact that sustained ERK
signaling is known to have important consequences in the control of the proliferative cyclin
D1 activity and in this way could guide cell proliferation or differentiation [85, 86]. It is
likely that the bSDF-induced sustained ERK signaling is an early hallmark of cell fate
change, which will lead in the longer term to a phenotypic switch of MDA-MB231 cells.

The major differences between bSDF and sSDF presentations and downstream signaling are
summarized in Figure 9. sSSDF mostly interacts with its receptor CXCR4 at the dorsal side of
the cancer cells (Figure 9A), thus the cells are round with few filopodia (Figure 2) and
signaling of pERK after Rac 1 activation is only transient (Figure 8). The intensity of the
pERK signal is low and transient. In this context, the HA receptor CD44 is unlikely to
cooperate with CXCR4 since HA is solely provided by the pericellular coat. In contrast,
bSDF mostly interacts with its receptor CXCR4 at the ventral side of the cancer cells (Figure
9B), where there is a very high local concentration of SDF-1a molecules provided by the

Biomaterials. Author manuscript; available in PMC 2018 January 22.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Liuetal.

Page 14

biomimetic film (Figure 9). This interaction leads to a clustering of CXCR4 receptors at the
cell membrane. In this particular spatial configuration, CD44 receptors are also clustering
due to the proximity of HA in the pericellular coat and the biomimetic polyelectrolyte film
and the cells exhibit a very high protrusive activity (Figure 2) and are highly motile (Figure
3). In view of their spatial proximity, both receptors (CXCR4 and CD44) will cooperate
leading to an enhanced Racl-mediated cell protrusive activity (Figure 5 and Figure 7). In
terms of signaling, this crosstalk increases the amount of pERK (higher signal intensity) as
well as the duration of the signal (sustained signaling) (Figure 8). Although we do not know
whether, in breast cancer cells, this cooperation occurs via a direct receptor interaction at the
cell membrane or via an internal biochemical signaling mechanism triggered between
CXCR4 and CD44, recent data obtained in endothelial cells and hepatocytes by Fuchs et al.
[83] showed, using co-immunoprecipitation, that there is a direct physical interaction
between CXCR4 and CD44. This interaction was revealed in the presence of soluble
SDF-1a , which was the only presentation mode they studied [83]. We hypothesize that a
two-step mechanism is occurring in the potent bSDF-induced ERK signaling: first, MDA-
MB-231 breast cancer cells interact with bSDF-1a via CXCR4, which activates the latter.
Second, CD44 can be activated and bind to its ligand HA, which is present in the breast
cancer pericellular coat [57] and in the polyelectrolyte film. In our settings, it is clearly the
spatial proximity of the ligands SDF-1a and HA in the biomimetic niche and of their
respective receptors (CXCR4 and CD44) at the cellular membrane that is key to facilitate
their crosstalk, induce protrusive activity and amplify pERK signaling.

The crosstalk between CXCR4 and CD44 in the context of breast cancer cells is particularly
relevant, since aggressive tumors of HER?2 patients (one of the category of aggressive
cancers based on histopathological analysis commonly used in clinical practice) respond to
inhibitors of CXCR4 [9]. Thus, our present findings may help to develop innovative cancer
therapies by improving the specificity of the treatment against CXCR4-signaling. For
instance, CXCR4 and CD44 receptors may be selectively and simultaneously inhibited via a
dual therapy, or inhibitors of CXCR4 may be combined with an inhibitor of hyaluronan
synthase in order to decrease CD44 signaling. Alternately, both CXCR4 and Racl may be
targeted in a dual therapy, as was recently suggested as new therapeutic route [87]. In the
future, it will be interesting to further explore and understand the different behaviors of
MCF10A, MCF7 and MDA-MB231 cells, which are representative of different types of
cancers. Their different malignancy and invasiveness may be characterized by distinct
molecular responses on bSDF films.

The crosstalk we evidenced here /n vitro in the context of MDA-MB231 breast cancer cells
and matrix-bound SDF-1a can have an /n vivo relevance in different cellular niches. Indeed,
it likely explains why delivery of SDF-1a via HA hydrogels enhances bone marrow cell
homing to the remodeling myocardium after cardiac injury [17], since bone marrow cells
also express CD44 receptors [72].

Knowing the crucial role of SDF-1a in cell homing, the bSDF-presenting films studied here
in the context of breast cancer adhesion and migration may be more broadly applied to other
cell types, such as tumor cells of different grades and with different levels of CXCR4
expression [36], or hematopoietic cells, in order to further decipher the potent molecular
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events driven the matrix-bound presentation of chemokines in specific cell niches. Since our
biomaterial is a versatile platform that can present other growth factors, such as bone
morphogenetic proteins [73], or bioactive peptides [46], our proof-of concept study
revealing a biomaterial-driven spatial coincidence of receptors, namely CXCR4 and CD44,
opens new avenues not only for regenerative medicine but also for studies of other cancers
and future developments of innovative therapies via high throughput screening of anti-
cancerous drugs.

Conclusions

In this study, we used biopolymeric thin films as a biomimetic tumoral niche to present the
SDF-1a chemokine in a matrix-bound manner to breast cancer cells. Matrix-bound SDF-1a
notably increased cell spreading and migration, via the formation of protrusions, especially
lamellipodia and filopodia while soluble SDF-1a had little effect. We evidenced that the
SDF-1a receptor CXCR4 acts in concert with the adhesion receptor CD44 in the cell
response to matrix-bound SDF-1a The binding of the CD44 receptor to its ligand HA is
possible since HA is present both in the pericellular coat of the cancer cells and in the
biomimetic film. The spatial coincidence of CXCR4/CD44 receptor cooperation specifically
involved the RhoGTPase Racl. In comparison to CD44, 1 integrin played a less important
role in the soft tumoral niche but still influenced cell polarization as proved by the change in
aspect ratio. A major SDF-1a signaling pathway characterized by ERK phosphorylation in a
Rac-1 dependent manner was specifically activated and strongly potentiated in response to
matrix-bound SDF-1a via the spatial coincidence with CD44. Thus, our study may help to
design future regenerative therapies against breast cancer cells: a specific inhibition of
CXCR4 signaling to decrease ERK phosphorylation can be improved by dual therapy
against CXCR4 and CD44-signaling, or against CXCR4 and Racl signaling. More broadly,
our work open new perspectives for the use of biomimetic tumor niches in cancer and
hematopoietic cell research, providing a biologically relevant presentation mode of the
chemokines.
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Figure 1.

(A) Successive steps for the preparation of matrix-bound SDF-1a using layer-by-layer films
as ECM matrix with poly(L-lysine) (PLL) and hyaluronan (HA) as polyelectrolytes. The
film is first deposited step-by-step (1), then cross-linked (2) and finally loaded with SDF-1a
in acidic conditions (1 mM HCI) (3), followed by a rinsing step in order to obtain matrix-
bound SDF-1a (4). (B) SDF-1a can be presented as a soluble cue (sSDF) or in a matrix-
bound manner (bSDF).
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Figure 2.
Effect of matrix-bound SDF-1a on cell spreading and protrusion formation. Cell

morphology was observed 16 h after plating by staining the actin cytoskeleton with
rhodamine phalloidin (red) and the nuclei with DAPI (blue). MDA-MB-231 cells were
grown on films with No SDF, sSDF, and bSDF: (A) Upper row: fluorescence images, scale
bar: 50 um; lower row: confocal fluorescence images, scale bar: 20 um,; the yellow arrow
indicates lamellipodia and the white arrow indicates filopodia. (A”) Quantitative analysis of
the cell spreading area and circularity. At least 50 cells were analyzed for each experimental
condition in each independent experiment. Experiments were performed at least in duplicate
(ie at least two independent experiments). * p < 0.05 in comparison to control (Anova one
way on ranks). (B) Representative images of MDA-MB-231 cells exhibiting four major
phenotypes depending on their protrusions, whether they had Lamellipodia (L+ or L-) and/or
Filopodia (F+ or F-) : L+/F+, L+/F-; L-/F+ and L-/F-. Scale bar: 20 um; (B”) Quantitative
analysis of the % of each L/F phenotype in the presence of SSDF and bSDF in comparison to
the absence of SDF (No SDF). At least 50 cells were analyzed for each experimental
condition. Experiments were performed in duplicate.
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: I
No SDF sSDF  bSDF

bSDF potentiates breast cancer cell migration. (A) Representative trajectories of MDA-
MB-231 cells on polyelectrolyte films for the three experimental groups (No SDF, sSDF and
bSDF). (B) Quantitative analysis of the cell migration speeds. At least 20 cells were
analyzed for each experimental condition. Experiments were performed at least in duplicate.

*p < 0.05.
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Figure 4.

SDF-1a receptor and cell adhesion receptors staining and expression in response to bSDF.
(A) MDA-MB-231 cells were seeded onto the films with bSDF for 16 h. Staining of CD44
(green), CXCR4 (red), p1 integrin (purple) and nuclei (blue) are shown; scale bar: 20 pm;

(B) Western blot analysis of CD44, CXCR4 and B1 integrin expression reveals a change in
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the expression of CD44 and to a lesser extent CXCR4 for bSDF in comparison to the

absence of SDF (No SDF). Tubulin was used as a control. The molecular weight of each
band is indicated. (C) Quantification of the band intensity from the Western blots for each

receptor. The ratio of the receptor/tubulin bands were calculated (n = 3 independent

experiments, data are mean = SD).
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Figure5.

Efgfects of CXCR4, CD44 and B1 integrin silencing on bSDF-induced cell spreading and
protrusion formation. CD44, CXCR4 and B1 integrin were knocked-down in MDA-MA-232
cells using specific siRNAs before cells were seeded onto bSDF films for 16 h. (A)
Representative images of cancer cells after receptor silencing of CXCR4, CD44 and p1
integrin in comparison to control siRNA; (B) Quantitative analysis of the cell spreading area,
circularity and (C) aspect ratio. (D) The quantitative analysis of the distribution of the four
protrusion phenotypes is also given. For the quantifications, at least 50 cells were analyzed
for each experimental condition in each independent experiment. * p < 0.05 in comparison
to control (Anova one way on ranks). Three independent experiments were performed. (E)
Western Blot showing the effective decrease of receptor expression (CXCR4, CD44, p1
integrin) after siRNA-mediated silencing. Cells were transfected with a scrambled siRNA as
a control.
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Effects of CXCR4, CD44 and B1 integrin silencing on bSDF-induced cell migration. CD44,
CXCR4 and B1 integrin were knocked-down using specific sSiRNA before cells were seeded
onto bSDF films for 16 h (same conditions as for Figure 5) (A) Representative trajectories of
MDA-MB-231 cells on bSDF films after silencing of the different receptors. (B)
Quantitative analysis of the cell migration speed. At least 20 cells were analyzed for each
experimental condition in each experiment. Two independent experiments were performed. *

£ <0.05 in comparison to control ((Anova one way on ranks).
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Figure 7.

Effects of drug inhibition or of siRNA-medicated silencing of Racl and Cdc42 on bSDF-
induced cell spreading and protrusion formation. These effects were assessed 16 h after cell
seeding. (A) Fluorescence images (actin staining) of MDA-MB-231 cells seeded onto bSDF
films in the presence of Racl inhibitor (NSC23766) or Cdc42 inhibitor (ML141). (B)
Quantitative analysis of the cell spreading area, circularity and (C) proportion of cells in
each depending on their protrusion phenotypes. (D) Representative fluorescence images of
cells after silencing using siRNA against Racl and Cdc42 and (E) corresponding
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guantitative analysis (same parameters as in F). At least 50 cells were analyzed for each
experimental condition for each experiment. Two independent experiments were performed.
*p < 0.05 (Anova one way on ranks).
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Figure8.
CD44 involvement in CXCR4-medicated and bSDF-induced ERK1/2 phosphorylation in

MDA-MB231 breast cancer cells. The different panels show representative western blots and
their corresponding quantitative analysis using anti-phosphoERK1/2 antibodies (pERK) to
reveal changes in the phosphorylation of ERK1/2. (A) Serum-starved MDA-MB-231 cells
cultured on tissue culture polystyrene (TCPS) were used as a control to assess early ERK
phosphorylation. The basal level was quantified after 5 min and 30 min of stimulation in a
serum-containing medium. B-tubulin was taken as a control. The band intensity ratios
(PERK1/2 / tubulin) are also given, the Time 0 being considered as a reference (arbitrarily
set to 1). (B) pERK activation of cancer cells, cultured for 16 h on polyelectrolyte films in
the absence (No SDF), with SDF-1a presented at the ventral side of the cells (0SDF), or
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with SDF-1a added in the growth medium (sSDF). The band intensity ratios are also given,
the condition “No SDF” being set arbitrarily to 1. (C) pERK activation after selective
CXCR4 and CD44 knock-down using siRNAs and (D) corresponding quantification of
pERK/tubulin ratios, the control silencing being arbitrarily set to 100%. Two independent
experiments were performed. (Data are mean + SD). (E) pERK activation after selective
Cdc42 and Racl knock-down using siRNAs and (F) corresponding quantification of pERK/
tubulin ratios, the control silencing being arbitrarily set to 100%. Two independent
experiments were performed. (Data are mean + SD).
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Figure9.
Scheme summarizing the major differences in the response of MDA-MB-231 cancer cells to

SDF-1a presented either as soluble cue (A) or as matrix-bound cue (B) for MDA-MB-231
breast cancer cells at different length scales from left to right. Left: at the cellular scale;
middle at the plasma membrane/receptor scale and right: consequence in terms of phospho-
ERK signaling. In the case of a soluble presentation (sSDF) (A), the local concentration of
SDF-1a molecules is very low and SDF-1a. is mostly presented at the dorsal side of the
cells. As a consequence, cell adhesion is low and cells are round with only few protrusions.
In this case, the signaling is transient since the CXCR4 and hyaluronan receptors (CD44
being the major one in MDA-MB231 cells) are only scarce and do not cooperate. SDF-1a.-
induced signaling via CXCR4 activates Racl and pERK but the intensity of the signal is
small and its duration is transient (right scheme). In the case of matrix-bound SDF-1a
(bSDF), the local concentration of SDF-1a in the polyelectrolyte film is locally very high so
the cellular receptors (CXCR4), which are mostly localized at the basal side of the cancer
cells, can bind to their SDF-1a ligands. This induces a localized receptor clustering (middle
scheme) for CXCR4 as well as for the HA receptor. Indeed hyaluronan, the CD44 ligand, is
provided by the pericellullar coat of cancer cells and by the polyelectrolyte film, which is
made of HA. In this situation of spatial confinement at the ventral side of the cell, the two
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receptors CXCR4 (for SDF-1a) and CD44 (for HA) act in concert and activate Racl and the
subsequent phosphorylation of ERK1/2. As a consequence, the intensity of the pERK signal
is very high and it is sustained over a long time, for at least 16 h as shown in Figure 8B.
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