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The small leucine-rich proteoglycan lumican regulates estrogen receptors

(ERs)-associated functional properties of breast cancer cells, expression of

matrix macromolecules, and epithelial-to-mesenchymal transition. How-

ever, it is not known whether the ER-dependent lumican effects on breast

cancer cells are related to the expression of integrins and their intracellular

signaling pathways. Here, we analyzed the effects of lumican in three

breast cancer cell lines: the highly metastatic ERb-positive MDA-MB-231,

cells with the respective ERb-suppressed (shERbMDA-MB-231), and lowly

invasive ERa-positive MCF-7/c breast cancer cells. Scanning electron

microscopy, confocal microscopy, real-time PCR, western blot, and cell

adhesion assays were performed. Lumican effects on breast cancer cell

morphology were also investigated in 3-dimensional collagen cultures.

Lumican treatment induced cell–cell contacts and cell grouping and inhib-

ited microvesicles and microvilli formation. The expression of the cell sur-

face adhesion receptor CD44, its isoform and variants, hyaluronan (HA),

and HA synthases was also investigated. Lumican inhibited the expression

of CD44 and HA synthases, and its effect on cell adhesion revealed a

major role of a1, a2, a3, aVb3, and aVb5 integrins in MDA-MB-231 cells,

but not in MCF-7/c cells. Lumican upregulated the expression of a2 and

b1 integrin subunits both in MDA-MB-231 and in shERbMDA-MB-231

as compared to MCF-7/c cells. Downstream signaling pathways for inte-

grins, such as FAK, ERK 1/2 MAPK 42/44, and Akt, were found to be

downregulated by lumican. Our data shed light to the molecular mecha-

nisms responsible for the anticancer activity of lumican in invasive breast

cancer.

Abbreviations

As, anti-sense; CD44, cluster of differentiation 44; CD44s, CD44 (standard isoform); ECM, extracellular matrix; EGFR, epidermal growth

factor receptor; EMT, epithelial-to-mesenchymal transition; ERK, extracellular-related kinase; FAK, focal adhesion kinase; HA, hyaluronic acid;

KS, keratan sulfate; LRR, leucine-rich repeat; MAPK, mitogen-activated protein kinases; MMP, matrix metalloproteinase; MT1-MMP,

membrane type 1–matrix metalloproteinase; PG, proteoglycan; SLRP, small leucine-rich proteoglycans.

1The FEBS Journal (2020) ª 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0002-0760-2376
https://orcid.org/0000-0002-0760-2376
https://orcid.org/0000-0002-0760-2376
https://orcid.org/0000-0003-4133-3031
https://orcid.org/0000-0003-4133-3031
https://orcid.org/0000-0003-4133-3031
https://orcid.org/0000-0002-1191-7418
https://orcid.org/0000-0002-1191-7418
https://orcid.org/0000-0002-1191-7418
https://orcid.org/0000-0003-3328-3089
https://orcid.org/0000-0003-3328-3089
https://orcid.org/0000-0003-3328-3089
https://orcid.org/0000-0002-1585-6544
https://orcid.org/0000-0002-1585-6544
https://orcid.org/0000-0002-1585-6544
https://orcid.org/0000-0001-7954-8340
https://orcid.org/0000-0001-7954-8340
https://orcid.org/0000-0001-7954-8340
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.15289&domain=pdf&date_stamp=2020-03-31


Introduction

Breast cancer is a major research field, as it is the pre-

dominant type of cancer among women with 25% of

cancer cases to be identified as breast cancer incidents

[1]. A great hallmark of breast cancer is the absence or

presence of estrogen receptors alpha and beta (ERa
and ERb). Estrogens are a hormonally active family,

having a major role in several cellular functions of

breast cancer and being related to the expression of

matrix macromolecules, and therefore with the cell–cell
and cell–extracellular matrix interactions [2,3]. There

are two different estrogen receptors, in terms of genet-

ics, structure, and, therefore, functionality, the ERa
and ERb [4]. ERa is considered to be the most impor-

tant subtype in the mammary epithelium, and there-

fore, it is considered as a prognostic marker for breast

cancer incidents. ERa is fertile ground for pharmaceu-

tical targeting of breast cancer, since the 17b-estradiol
(E2)/estrogen receptor alpha (ERa) signaling is of piv-

otal importance, as it features 70% of breast cancer

cases as ERa-positive [5]. Although most ERa-positive
tumors respond initially to anti-estrogenic therapies,

that is, tamoxifen, they end up resistant independently

of the ER status and they potentially result in endome-

trial carcinoma [6]. Therefore, it is regarded as funda-

mental to investigate new therapies, with less side

effects and higher specificity to the target cell.

Although the biological activity of ERa is exten-

sively explored, its ERb isoform is less investigated. It

is reported that when ERb is being activated, it poten-

tially forms heterodimers with ERa, and therefore

affects the biological functions of ERa, too [7,8]. It

was recently reported that the triple-negative, but

ERb-positive, MDA-MB-231 breast cancer cells [9,10],

when transfected with shRNA against human ERb,
ERb mRNA was suppressed by 70% triggering major

alterations in cell functions of the aggressive breast

cancer cells, as well as in the epithelial-to-mesenchymal

(EMT) markers, leading to a potent mesenchymal-to-

epithelial transition (MET) situation. The ERb-sup-
pressed MDA-MB-231 cells present an epithelial-like

phenotype, more cell–cell adhesion junctions, upregu-

lation of the expression of epithelial markers, like E-

cadherin, and downregulation of the mesenchymal

ones, like vimentin and fibronectin. EMT and MET

were shown to occur in healing and metastasis, so we

took advantage of it and we aimed at identifying new

molecular players.

Mesenchymal cells possess the ability to migrate and

invade due to the formation of invasive protrusions, the

invadopodia, whereas in epithelial cells, lamellipodia

and filopodia are mostly found [11,12]. Invadopodia are

characterized as tightly packed, organelle-free, actin-

rich protrusions of the plasma membrane, playing a

governing role in the steps of metastasis, from invasion

to the neighboring stroma, intravasation, and finally

extravasation [13,14]. Cytoskeletal changes at invadopo-

dia are monitored by cortactin, and extracellular matrix

(ECM)-degrading function of invadopodia is deter-

mined by membrane type-1–matrix metalloproteinase

(MT1-MMP or MMP-14); therefore, cortactin and

MMP-14 are two major proteins governing the

invadopodia formation. Cortactin is reported to be

overexpressed by 13% of breast carcinomas, and its

overexpression enhances cell migration, invasion, and

tumor cell metastasis, whereas when it is blocked, the

Src signaling is thereafter blocked, leading to the inhibi-

tion of invadopodia formation [15-20]. It is also worth

noticing that cortactin is essential for the maintenance

of F-actin-enriched invadopodia core structures, as well

as for the initiation and sustainability of matrix degra-

dation, in cooperation with MMP-14. Integrins are con-

sidered to bind and activate MMPs, through which they

regulate the effective invasion of invadopodia into the

extracellular matrix. It has been observed that b1 inte-

grin coclusters with MMP-14 at sites of interaction with

collagen fibers along the cell leading edge, and therefore,

the adhesive mechanism is involved in invadopodia mat-

uration and ECM degradation [21].

Vinculin is a governing protein in several cell func-

tions, such as cell adhesion, cell migration, and embry-

onic development, since it has the ability to interact

with integrins to the cytoskeleton at the focal adhe-

sions [22-25]. Therefore, vinculin is a fundamental

marker of cell–cell junctions and focal adhesion,

located in the periphery of newly created invadopodia.

Consequently, the downregulation of vinculin prevents

or inhibits several cellular functions, such as cell adhe-

sion, formation of focal adhesions, as well as lamel-

lipodia protrusions [26], whereas its overexpression

facilitates cell adhesion and recruitment of cytoskeletal

proteins at the domains of integrin binding at the focal

adhesions [27,28].

Cancer progression and metastasis occur during con-

stant-specific interactions between cancer cells and

their microenvironment, and ECM is responsible for

the signaling of those interactions. Proteoglycans

(PGs) are multifunctional effectors of the ECM and

are implicated in pathophysiological processes. Their

expression is significantly altered during cancer pro-

gression, and their modulated exposure on the tumor

ECM and tumor cell membranes affects a plethora of

cellular functions [29,30]. The most abundantly

expressed PGs in ECM are the small leucine-rich pro-

teoglycans (SLRPs), which are able to interact with
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matrix effectors, such as cytokines, growth factors,

and cell surface proteins, and consequently regulate

the cell functional features, such as migration, autop-

hagy, angiogenesis, and metastasis [31-34]. Lumican, a

class II SLRP, expressed as a major KSPG in cornea.

It is also worth noticing that lumican presents high

molecular heterogeneity according to the tissue due to

its glycosylation [35]. Structurally, lumican consists of

18 amino acid signal peptide and three major domains

of (–) charged N-terminal domain (Tyr sulfates and

cysteine residues), a central part containing nine LRRs

and a C-terminal domain of 66 amino acids (two con-

served cysteine residues and two leucine-rich repeats)

[36,37]. Although there are several reports concerning

the anticancer effect of lumican, the underlying mecha-

nism is not totally identified. The anticancer effect of

lumican may be due to the direct binding of a2b1 inte-

grin, which stimulates cell adhesion and inversely inhi-

bits cell migration [38]. The interaction of lumican

with integrins can also be associated with TGF-b2,
since altered expression of TGF-b2 was found to be

accompanied by downstream modification of the sig-

naling transduction of pSMAD2 and increased activity

of b1 integrin [39]. It is also reported that when lumi-

can interacts with integrins, it inhibits cell migration

metastasis and EMT [40]. When lumican interacts with

TGF-b, the binding of TGF-b to its respective recep-

tors is altered and consequently cell adhesion and

metastasis are affected. It is also reported that lumican

induces phagocytosis through interaction with CD14,

regulates immune response through interaction with

TLR4, as well as to be implicated in apoptosis and

immune response by interacting with Fas-Fas ligand

[34,35].

It was recently published that lumican significantly

attenuates cell functional properties, such as cell

growth, migration, and invasion; it modifies cell mor-

phology, so as cell–cell junctions, and evokes EMT/

MET by reprogramming and suppressing the expres-

sion of major matrix effectors implicated in breast can-

cer progression [41]. However, the mechanism lying

behind the anticancer effect of lumican remains

unclear. Thus, the aim of this study was to evaluate

whether the ER-dependent lumican effects in breast

cancer cells are related to the expression of integrins

and the intracellular signaling pathways related to

matrix effectors. Specifically, the effects of lumican on

the morphology of highly metastatic cancer cells, and

the expression of integrins and downstream signaling

pathways were investigated. The ERa-positive and low

aggressive MCF-7/c, ERa-negative and ERb-positive
MDA-MB-231, and the shERbMDA-MB-231 breast

cancer cells were used. The obtained data reveal a

novel role of metastasis-implicated molecules in the

anticancer effect of lumican.

Results

Lumican effects on cell morphology of invading

MDA-MB-231 breast cancer cells in collagen

substrate after 24 and 48 h

Highly invasive MDA-MB-231 breast cancer cells were

seeded on a Millipore� (Milan, Italy) filter coated with

type I collagen for 24 h and observed at the scanning

electron microscopy (SEM). Cells showed different iso-

lated phenotypes: globular cells, and elongated and

spindle-like shaped cells exhibiting microvesicles and

cytoplasmic protrusions like filopodia, lamellipodia,

and invadopodia [Fig. 1A (a)]. In regions of the Milli-

pore filter where collagen coating was thicker, MDA-

MB-231 cells, completely covered by microvesicles,

invaginated the collagen sheet which contained isolated

microvesicles mainly shed by globular-shaped cells

[Fig. 1A (b, c)]. After treatment with 100 nM lumican

for 24 h in serum-free conditions and seeding on the

surface of a Millipore� filter coated with collagen type I,

MDA-MB-231 cells showed the same shapes, but

appeared more flattened, and most of them displayed a

smoother surface with less cytoplasmic protrusions, and

fewer microvilli and microvesicles in comparison with

untreated cells. Moreover, both globular and elongated

cells were often in cell–cell contact [Fig. 1A (d, e, f)].

SEM analysis was also performed on MDA-MB-231

cells seeded for 48 h with and without lumican treat-

ment. The untreated MDA-MB-231 cells appeared more

globular as compared to those cultured for 24 h but still

showed cytoplasmic microvesicles and microvilli. Few

flattened cells with microvesicles displaying many

invadopodia or thicker cytoplasmic protrusions in direct

contact with collagen fibrils were also present [Fig. 1A

(g, h, i)]. The same cells treated with 100 nM lumican

showed only globular shape, appeared more grouped,

and exhibited less microvesicles than untreated cells. No

invadopodia or lamellipodia were detectable, and some

of them even showed a very smooth surface being com-

pletely devoid of microvesicles or displayed only few

microvilli [Fig. 1A (j, k, l)].

Lumican induces morphological alterations of

MCF-7/c breast cancer cells during invasion in

collagen substrate after 24 and 48 h

Low-invasive MCF-7/c breast cancer cells seeded on

Millipore� filters coated with type I collagen for 24 h

and observed at SEM mainly showed polygonal shape.
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Cells were grouped with cell–cell junctions, even

though few elongated or fusiform-shaped cells were

also detectable. Some cells displayed cytoplasmic pro-

trusions, but all cells exhibited few microvilli and few

microvesicles [Fig. 1B (a, b)]. In areas where collagen

network was thicker, cells presented lamellipodia and

invadopodia in tight contact with collagen fibrils and

displayed many microvilli [Fig. 1B (c)]. The same cells

treated with 100 nM lumican and observed at SEM

after 24 h showed mainly globular-shaped cells in cell–
cell contacts with no lamellipodia and invadopodia.

However, many of them showed an extremely smooth

cytoplasmic surface with no microvilli or microvesicles,

even in the elongated/fusiform ones [Fig. 1B (d, e, f)].

Untreated MCF-7/c cells observed after 48 h mainly

showed grouped polygonal- and globular-shaped cells

in cell–cell contacts with few microvesicles and micro-

villi on the cytoplasmic surface [Fig. 1B (g, h)]. How-

ever, few elongated cells with invadopodia were also

detectable [Fig. 1B (i)]. After the 100 nM lumican

treatment, the same cells displaying polygonal and

globular shapes appeared more grouped, more flat-

tened, and in very tight contact to each other. Lumi-

can-treated MCF-7/c showed tight cell–cell contact,

decreased number of cytoplasmic microvilli, no

microvesicles, and no lamellipodia or invadopodia in

comparison with untreated cells [Fig 1B (j, k, l)].

Lumican affects the expression levels of

invadopodia markers and focal adhesion proteins

in breast cancer cells

Taking into account that invadopodia are membrane

protrusions of invasive cancer cells, which mediate

focal pericellular degradation of ECM and play a gov-

erning role in tumor development, cellular invasion,

and metastasis, the effect of lumican on the expression

of invadopodia markers was examined in breast cancer

cell lines.

The distribution of cortactin was analyzed by

immunofluorescence (Fig. 2A).

In MDA-MB-231 cells, actin–cortactin aggregates were

observed, indicating the initiation of invadopodia for-

mation. On the contrary, in the presence of lumican,

the expression of cortactin was decreased and accom-

panied by strong inhibition of cytoplasmic and pericel-

lular staining (Fig. 2A, arrows). These results

indicated that cortactin was required for the formation

Fig. 1. Evaluation of cell morphology in breast cancer cells invading a collagen coating. (Experiment was twice repeated, and each trial

included four samples for each group). (A) Observation of MDA-MB-231 cells seeded on the Millipore� filter coated with type I collagen.

SEM pictures of highly invasive MDA-MB-231 breast cancer cells seeded for 24 h on a Millipore� filter coated with type I collagen show

different phenotypes: a small globular cell exhibiting microvesicles (small arrow), an elongated cell, and a spindle-like shaped one with

filopodia (large arrow). Scale bar = 10 µm (image a). Thick collagen coating partially or completely (large arrow) covers globular cells rich in

microvesicles (small arrow). Scale bar = 10 µm (image b). An isolated globular cell is completely coated with microvesicles. Scale

bar = 10 µm (image c). After treatment with 100 nM lumican globular, flattened and elongated cells in cell–cell contact show a smooth

cytoplasmic surface with very few microvesicles and few microvilli. Scale bar = 10 µm (images d and e). A globular cell exhibits only few

microvilli (arrow). Scale bar = 10 µm (image f). SEM pictures of MDA-MB-231 cells seeded for 48 h on a Millipore� filter coated with type I

collagen: Most of the cells appear globular-like and show microvesicles. Scale bar = 10 µm (image g). Globular cells with microvesicles

(large arrow) and microvilli (small arrow). Scale bar = 10 µm (images h and i). After 100 nM lumican treatment, cells appear like grouped-

globular cells at SEM: Some of them show few microvesicles but others exhibit a smooth surface with no microvesicles. Scale

bar = 10 µm (image j). Three grouped very smooth globular cells with almost no microvesicles and no microvilli are in direct contact with a

collagen sheet. Scale bar = 10 µm (image k). Two globular cells show only microvilli (on the left) and very few cytoplasmic protrusions (on

the right). Scale bar = 10 µm (image l). (B) Cell morphology of low-invasive MCF-7/c breast cancer cells seeded on a Millipore� filter coated

with type I collagen. Cells seeded for 24 h and observed at SEM show polygonal grouped cells in cell–cell contact with few microvesicles

and microvilli. An isolated elongated cell with cytoplasmic protrusions is also detectable on the right. Scale bar = 10 µm (arrow, image a). A

globular cell, a flattened and an elongated one, exhibits both microvesicles and microvilli. Scale bar = 10 µm (image b). Cells displaying

microvilli show invadopodia (arrow) in direct contact with collagen network. Scale bar = 10 µm (image c). MCF 7/c cells after treatment with

100 nM lumican: Both globular grouped cells and isolated fusiform cells show a very smooth surface. Scale bar = 10 µm (images d and e).

Three completely smooth globular grouped cells show very few microvilli but no microvesicles. Scale bar = 10 µm (image f). MCF-7/c

breast cancer cells seeded on a Millipore� filter coated with type I collagen for 48 h and then observed at SEM show grouped polygonal

and globular cells in cell–cell contact with few microvesicles and microvilli, but also isolated globular cells and an elongated one with

invadopodia are detectable. Scale bar = 0.1 mm (image g). Grouped polygonal cells and two globular ones with microvilli and invadopodia

are migrating through the holes of Millipore� filter (arrows). Scale bar = 10 µm (image h). An isolated elongated cell with invadopodia

(arrow) is passing through the holes of the filter. Scale bar = 10 µm (image i). After 48 h, 100 nM lumican treatment grouped flattened

polygonal and globular cells in a very tight contact with almost no microvesicles or microvilli are detectable. Scale bar = 0.1 mm (image j).

Cells treated with lumican show flattened polygonal cells in tight contact to each other with no invadopodia, no microvesicles, almost

absent microvilli, and very few cytoplasmic protrusions. Scale bar = 10 µm (image k). Grouped flattened and globular cells with no

microvesicles nor microvilli are detectable. Scale bar = 10 µm (image l).
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of invadopodia and suggested that lumican inhibited

the invadopodia formation. As expected, in the low-in-

vasive and low-metastatic MCF-7/c cells, the staining

of cortactin was very weak, being in agreement with

the low-invasive and low-metastatic potential of MCF-

7/c cells.

In the presence of lumican, staining of cortactin was

even weaker, confirming the anticancer effect of lumi-

can even in a low-invasive cell line.

Lumican alters the expression of CD44, its

isoform and variants, and hyaluronan synthases

in breast cancer cell lines

The content of hyaluronic acid is low in normal breast

tissue, but in 56% of breast cancer cases, high levels of

HA are found in malignant epithelium and peritu-

moral stroma [42,43]. Taking into account that the

increased HA accumulation, especially in the tumor

stroma, signals the metastatic dissemination of cancer,

as well as the poor prognosis, the effect of the major

receptor of HA, CD44, its isoform and its variants,

and the synthases of HA was investigated in breast

cancer cell lines of different estrogen receptor status.

As reported, a high HA-rich matrix is related to

aggressive tumor behavior, which was also confirmed

by the high expression of CD44 and all of its variants

in MDA-MB-231 cells (Fig. 2B). Moreover, lumican

downregulated the expression of all the markers of

HA examined, in the highly invasive MDA-MB-231

cells (Fig. 2B).

CD44 was highly expressed in MDA-MB-231 cells

and significantly decreased by the treatment of lumi-

can. The expression of CD44 in shERbMDA-MB-231

cells was lower than MDA-MB-231 cells, and it was

reduced in the presence of lumican similarly to MDA-

MB-231 cells. Low expression of CD44 was observed

in MCF-7/c cells, and its expression was slightly

increased in the presence of lumican. The isoform of

CD44, CD44s, followed a similar profile, but signifi-

cantly inhibited by lumican in MDA-MB-231 cells.

The expression of CD44s was also downregulated in

shERbMDA-MB-231 cells, but to a lesser extent, and

was even more inhibited by the treatment of lumican.

Moreover, the expression of CD44s in MCF-7/c,

although faint in comparison with MDA-MB-231, was

even more decreased in the presence of lumican. The

effect of lumican in the expression of CD44 variants

was also examined. Lumican affected the CD44 (v2–
v10) variant mostly in MDA-MB-231 cells and not

really affected in shERbMDA-MB-231 cells. CD44

(v2–v10) was poorly expressed in the low-invasive

MCF-7/c cells. The CD44 (v3–v10) variant followed a

similar motif, with the exception of its significant

reduction in shERbMDA-MB-231 cells by lumican.

On the other hand, the variant CD44 (v8–v10) was

highly reduced by lumican in shERbMDA-MB-231

cells, revealing that its effect, at least in the cases of

CD44 (v3–v10) and CD44 (v8–v10), was related to the

estrogen receptor status.

The expression of HA synthases was also examined

(Fig. 2B). HAS1 was about similarly expressed in all

Fig. 2. Lumican is an inhibitory effector of invadopodia marker expression in breast cancer. (A) Confocal immunofluorescence imaging of

cortactin in MCF-7/c and MDA-MB-231 cells. In low-invasive MCF-7/c cells, cortactin labeling was detected all along the membrane of

cohesive MCF-7/c cells (a), whereas after lumican (100 nM) treatment, the expression of cortactin was drastically decreased (b). A slight actin

cytoskeleton re-arrangement was also observed. Cortactin was abundantly expressed at the cell membrane, the cytoplasm, and the cell–cell

contacts of mesenchymal MDA-MB-231 cells (c). The presence of 100 nM lumican decreased the expression of cortactin (arrows) in MDA-MB-

231 cells (d, e). Scale bar: 10 lm (a–d). Confocal immunofluorescence experiments were conducted at least in two different experiments

(every cell line in triplicate). (B) Effect of lumican on the gene expression levels of CD44, CD44s, CD44 variants (v2–v10, v3–v10, v8–v10), and

HA synthases (HAS-1, HAS-2, HAS-3) in breast cancer cell lines. The mRNA expression levels were normalized to beta-actin and quantified

using qPCR, as described in the Materials and methods section. The data shown are representative and taken from 1 out of 3 separate

experiments. The major receptor of HA, CD44, was fairly expressed in MCF-7/c cells and decreased in shERbMDA-MB-231 after treatment

with 100 nM lumican. However, it was highly expressed in MDA-MB-231 cells, and a significant decrease was noted by the treatment of

lumican (ca 62%). The isoform of CD44, CD44s, followed a similar profile, with a significant reduction triggered by lumican (ca 40%) in MDA-

MB-231 cells. The effect of 100 nM lumican in CD44 variants was also examined. Lumican affected the v2 variant mostly in MDA-MB-231

cells. It was fairly expressed in the low-invasive MCF-7/c cells and not affected in shERbMDA-MB-231 cells. The v3 variant followed a similar

pattern, with the exception of the significant reduction in shERbMDA-MB-231 by lumican (ca 27%). In the case of variant CD44 (v8–v10),

paradoxically, 100 nM lumican reduced substantially only its expression in MCF-7/c and shERbMDA-MB-231 cells, revealing that the effect was

related to the ER status. The expression of HA synthases was also examined. HAS1 was similarly expressed in all breast cancer cell lines and

diminished by the addition of 100 nM lumican. Regarding HAS2, the effect of lumican was most profound in MDA-MB-231 and shERbMDA-

MB-231 cells. Regarding HAS3, only MDA-MB-231 cells were affected by the treatment of lumican. All samples were analyzed in triplicate,

and the results were expressed as mean � SD. Statistical significance between groups was calculated with block two-way ANOVA, using the

cell line and the presence of lumican as grouping variables, and the post hoc Scheffe’s multiple comparisons test and correct analysis.

Asterisks (*), (**), and (***) indicate statistically significant differences (P < 0.05, P < 0.01, and P < 0.001, respectively).
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Fig. 3. Lumican effect on RGD-/collagen-binding and cell surface integrins according to the ER status of breast cancer cells. (A) Lumican

effect on a2 and b1 integrin protein expression in breast cancer cell lines. Western immunoblots for a2 and b1 integrins and actin for

normalizing purposes in MDA-MB-231, shERbMDA-MB-231, and MCF-7/c breast cancer cells before and after treatment with 100 nM

lumican for 48 h. (B) Lumican affects the adhesion of breast cancer cells to integrin subunits. First panel: Evaluation of MDA-MB-231 cell

adhesion to substrates coated with integrin-specific antibodies. Treatment with 100 nM lumican markedly increased adhesion to all

substrates. Second panel: Evaluation of shERbMDA-MB-231 cell adhesion to substrates coated with integrin-specific antibodies. In the

presence of lumican, the adhesion of most substrates, especially of a subunits, was markedly reduced. All measurements of the integrin

adhesion are normalized to the controls. Third panel: Evaluation of MCF-7/c cell adhesion to substrates coated with integrin-specific

antibodies both in the absence and in the presence of 100 nM lumican. Treatment of MCF-7/c cells with lumican significantly downregulated

adhesion to all substrates. All samples were analyzed in triplicate, and the results were expressed as mean � SD. Statistical significance

between groups was calculated with block two-way ANOVA, using the cell line and the presence of lumican as grouping variables, and the

post hoc Scheffe’s multiple comparisons test and correct analysis. Statistically significant differences are shown as *P < 0.05, **P < 0.01,

and ***P < 0.001.
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breast cancer cell lines, and its expression was reduced

by lumican. The reduction was higher in MDA-MB-231

cells (about 75%) and less in shERbMDA-MB-231 cells

(about 20%). Regarding HAS2, the reducing effect of

lumican was more profound in MDA-MB-231 and espe-

cially in shERbMDA-MB-231 cells (about 65%),

whereas in MCF-7/c cells, a slight increase, but of no

statistical significance, of its expression was observed.

Regarding HAS3, its expression was reduced in only

MDA-MB-231 cells by the treatment of lumican.

Lumican upregulates the a2 and b1 integrin

expression in MDA-MB-231 and shERbMDA-MB-

231, in comparison with MCF-7/c breast cancer

cells

The protein expression of the collagen-binding mono-

mer integrins a2 and b1 was investigated by western

blot in MDA-MB-231, MCF-7/c, and shERbMDA-

MB-231 breast cancer cells (Fig. 3A).

The a2 integrin subunit was poorly expressed in almost

all cell lines, especially in the most invasive MDA-MB-

231. In contrast, after treatment with 100 nM lumican for

48 h, a2 integrin expression was upregulated almost twice

in MDA-MB-231 and shERbMDA-MB-231 cells. The

poor expression of the a2 and b1 monomer integrins was

observed in breast cancer cell lines, but its expression was

upregulated in the presence of lumican in MDA-MB-231

and shERbMDA-MB-231 cells (Fig. 3A). It is quite

noticing that integrin subunit expression was almost not

affected in MCF-7/c cells by lumican.

Lumican affects the adhesion of breast cancer

cells to integrin subunits

The effect of lumican on cell adhesion was investigated

by analyzing the profile of alpha and beta integrins

involved in breast cancer cell adhesion in the absence

or presence of lumican. After 48-h incubation with

lumican (100 nM), laminin- and collagen-binding inte-

grin-mediated cell adhesion was significantly upregu-

lated in the highly invasive MDA-MB-231 cell line.

Specifically, a1, a2, a3, aV, aVb3, b2, b4, b6, and

aVb5 were significantly upregulated by lumican

(Fig. 3B). Concerning the shERbMDA-MB-231 cell

line, a1, a2, a4, a5, aV, and b6 integrins were down-

regulated by lumican, while b1, b2, and b3 were upreg-

ulated suggesting a critical role of ERb in the

expression levels of adhesive molecules (Fig. 3B). On

the other hand, regarding the low-invasive MCF-7/c

cells, the protein array of integrin expression demon-

strated that lumican downregulated the cell surface

and ‘RGD-binding’ heterodimers a5b1, aVb5, and

aVb3. Moreover, the monomers a1, a2, a3, a4, aV,
b4, and b6 were significantly downregulated by 48-h

treatment with 100 nM lumican (Fig. 3B). Therefore,

lumican promoted downregulation of important adhe-

sion elements. Conclusively, in low-invasive MCF-7/c

cells, lumican exerted suppressive effects in collagen-

binding (a1, a2, b1), laminin-binding (a3, b4), and

fibronectin-binding integrins (a5, aV, b1, b6, aVb5,
a5b1). The effect was similar in suppressed ERb
MDA-MB-231 cells. On the other hand, in the highly

invasive MDA-MB-231 cells, collagen-, fibronectin-,

and laminin-binding integrins were upregulated by

lumican. All these findings were in accordance with

our observations that the adhesion of cells in collagen

was increased in the presence of lumican.

Lumican inhibits FAK phosphorylation of tyrosine

397

The inhibition of breast cancer cell migration by lumi-

can is closely related to the inhibition of the phospho-

rylation of focal adhesion kinase (FAK). FAK

phosphorylation status was studied by western blot in

MDA-MB-231 control cells (Fig. 4A). Cells were cul-

tured in the absence and presence of lumican for 0, 5,

10, and 15 min. The kinetic of phosphorylation of

FAK at tyrosine 397 showed that the level of phos-

phorylation was relatively low at 0 min and slightly

altered by the addition of lumican. The phosphoryla-

tion at tyrosine 397 was increased at 5 min, but not

altered by the presence of lumican. At 10 min, the

phosphorylation was significantly increased in the

absence of lumican, but was significantly decreased (by

approximately 25%) in the presence of lumican. A

peak was noted at 15 min, showing an increase of

phosphorylation by 85% in the absence of lumican,

while it was reduced by 40% after incubation with

lumican. Specifically, after 15 min of incubation of

MDA-MB-231 cells with lumican, the FAK-pY397/to-

tal FAK ratio was decreased by 40% in comparison

with the FAK-pY397/total FAK ratio in the absence

of lumican. This result suggested that lumican may

also inhibit breast cancer cell migration by inhibiting

FAK phosphorylation at tyrosine 397. The kinetic of

phosphorylation has been conducted in three different

experiments. Focal adhesions signal the biochemical

and mechanical characteristics of the ECM and are

responsible for the information transport toward the

cell. FAK is a nontyrosine kinase with a governing

role in cell migration, since it regulates the formation

of lamellipodia and transmits the signals between inte-

grins and growth factors. With regard to integrin or

growth factor stimulation, FAK is phosphorylated at
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Tyr-397, which eventually facilitates the binding for

Src kinases, the p85 regulatory subunit of PI3K, and

phospholipase C. FAK is also implicated in the signal-

ing of several other pathways. As an example, a com-

plex of Akt-Src can affect the phosphorylation of

components, which are implicated in cell adhesion and

cell migration. Consequently, the phosphorylation of

several mediators in cell signaling was also examined

following the same peak of phosphorylation at 15 min,

as FAK.

The phosphorylation of specific proteins implicated

in signal transduction in control MDA-MB-231 and

MCF-7/c cells incubated 15 min with 100 nM lumican

was analyzed by western blot. Altered phosphorylation

was noticed regarding most of the proteins, when the

cells were cultured in the presence of lumican. Lumi-

can reduced the phosphorylation levels of FAK, ERK

1/2 MAPK 42/22, and Akt proteins (Fig. 4B). These

results indicate that lumican potentially regulates

RTKs and affects their downstream mediators. The

results of the present report are summed up in Fig. 5.

Discussion

The effects of lumican on the regulation of ERs-associ-

ated functional properties of breast cancer cells, expres-

sion of matrix effectors, and EMT were recently

addressed. However, the molecular mechanisms which

might be responsible for the anticancer activity of lumi-

can in invasive breast cancer are still not described in the

literature. Thus, the aim of this study was to investigate a

series of molecules to unravel mechanisms that could be

related to the recorded functional effects of lumican.

Concerning lumican effect on cell morphology, both

MDA-MB-231 and MCF-7/c cells after 24 and 48 h of

culture seemed to favor cell grouping and cell–cell con-
tact. The development of invadopodia and cytoplasmic

protrusions was reduced, as well as the formation of

Fig. 4. Lumican decreases the

phosphorylation of specific kinases involved

in signal transduction. (A) FAK

phosphorylation at tyrosine 397 in MDA-

MB-231 cells in the absence and presence

of 100 nM lumican. Focal adhesion

phosphorylation in MDA-MB-231 cells

before and after incubation of the cells for

0, 5, 10, and 15 min with 100 nM lumican

was analyzed by western blot with

antibodies against phosphorylated FAK

(pY397) and normalized with anti-total FAK.

(B) Lumican decreased the phosphorylation

of specific kinases involved in signal

transduction before and after treatment

with 100 nM lumican for 15 min. After

densitometric analysis of the intensity of

the bands, the resulting ratio of

phosphorylated form to total kinase protein

intensity was calculated and presented in

the graph. Statistical significance between

groups was calculated using Student’s t-

test. Data are presented as mean

values � SD from three independent

experiments (*P < 0.05; **P < 0.01).
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microvesicles and microvilli on cell surface, which are

highly related to cancer cell aggressiveness. This last

effect was particularly evident in MCF-7/c cells, whose

shape was resembling billiard balls, with very smooth

cytoplasmic surface completely avoid of extravesicles.

The expression of several matrix molecules, such as

HA synthases, CD44, and invadopodia markers, inte-

grins, and signaling effectors was analyzed. CD44 is

upregulated in breast cancer and can be expressed in its

standard isoform, CD44s, or as a number of alterna-

tively spliced variant isoforms, CD44v. Multiple CD44

tends to play a role in epithelial phenotype, tumor initia-

tion, and growth and are often associated with meta-

static lesions. More specifically, CD44 (v2–v10), CD44

(v3–v10), and CD44(v8–v10) were investigated in this

study, as CD44 (v2–v10) is used as a clinical prognostic

marker for pancreatic ductal adenocarcinoma (PDAC),

as well as breast cancer, since this variant is associated

with the positive ER and PgR status, low S-phase frac-

tion, and postmenopausal age [44]. CD44 (v3–v10) is

implicated in cell migration, cell proliferation, and cis-

platin resistance, and is also associated with positive

steroid receptor status and negative/low HER2 status

[44,45]. The variant CD44 (v8–v10) is responsible for

the tumor initiation in gastric cancer and is also found

to be overexpressed in lung and breast cancer [46]. In

addition to this, orthotopic injection of CD44 (v8–v10)-
expressing breast cancer cells in mice provoked an

increase in lung metastasis [47].

In this study, our data suggest that the expression of

cortactin, a regulatory marker of invadopodia, and

HA-related molecules (CD44, CD44s, CD44-v2,

CD44-v3, CD44-v8, HAS-1, HAS-2, HAS-3) was

affected by the presence of lumican in regard to the

level of expression of ERs. For instance, the expres-

sion of CD44 and CD44s was high in MDA-MB-231

cells, moderate in shERbMDA-MB-231, and drasti-

cally reduced in the low-metastatic MCF-7/c cells, sug-

gesting an association of CD44 with the ER status. It

is also worth noticing that the expression of HAS1

and HAS2, when inhibited in melanoma, which is also

a high-metastatic cancer, is related to higher patient

survival, faster recuperation, and less possibilities for

metastasis [48]. Treatment with lumican of breast can-

cer cells indicated a lower expression of the HA syn-

thases. It is worth noticing that increased expression of

HAS2 or HAS3 renders them as key regulators of

EMT and associates them with enhanced cell growth,

migration, and invasion [49]. In our study, statistically

significant data demonstrated that the HA synthases

were inhibited by the presence of lumican, being in

agreement with the lumican anticancer effect. These

data are also supported by SEM analysis, which

showed that lumican treatment reduces the presence of

extravesicle production, which are described to be a

major site of expression of HA by in cancer cells [50].

Collectively, these results rendered the role of lumi-

can crucial and lead us to further investigate the

Fig. 5. Diagram summarizing the major

effects of lumican in breast cancer cells.

The actions of lumican have been classified

according to its effect on cell morphology

(cell surface of breast cancer cells and

protrusions of migrating cells), invadopodia

markers (HA molecules, i.e., CD44, CD44s,

HASes, as well as cortactin), integrins

(collagen-/laminin-/RGD-binding integrins and

cell surface integrins), and RTKs (FAK, AkT,

ERK-MAPK 44/42), according to the

expression of estrogen receptors alpha and

beta.
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regulation of HA metabolism, as it could constitute a

future target for a therapeutic standpoint.

Several cell surface receptors of lumican were char-

acterized and described [35]. Cell adhesion is a funda-

mental cell function, as it regulates the development

and maintenance of tissues. Integrins, a family of cell

surface receptors, mediate cell attachment to proteins

of the ECM. They are heterodimer molecules, compris-

ing of an alpha and beta transmembrane glycoprotein

subunit, noncovalently bound to each other. Since

lumican regulates cell adhesion and migration of mela-

noma cells by altering the actin network and focal

adhesion through a2b1 integrin, a cell adhesion assay

involving integrins was performed [51-53]. It was

found that lumican increased cell adhesion by a1, a2,
a3, aV, b4, b6, aVb3, and aVb5 integrins in MDA-

MB-231 cells, while decreasing MCF-7/c cell adhesion

mediated by these integrins.

a2b1 integrin is reported to be decreased in cancer

cells, probably because of enhanced tumor cell dissemi-

nation levels. It was shown that when a2b1 is re-ex-

pressed in breast cancer, many cancer cell functions

are reversed, endowing a2b1 as a molecule with tumor

suppressive properties [54,55]. This hypothesis seems

to be confirmed by the weak expression of the a2 and

b1 monomer integrins in the breast cancer cell lines, as

well as their enhanced expression in the presence of

the antitumorigenic lumican. In this study, lumican

was shown to increase the expression of a2 and b1
integrin subunits in the metastatic MDA-MB-231 cells,

as well as in shERbMDA-MB-231 as compared to the

low-invasive MCF-7/c. Integrins a3b1, a6b1, a6b4,
and a7b1 comprise the laminin-binding cell adhesion

receptors. Integrin a3b1 might be one of the receptors

for laminin in the presence of lumican since subunit

expression was increased in the presence of lumican in

MDA-MB-231 cells and the adhesion of MDA-MB-

231 cells on a3b1 was increased in our adhesion assay

in the presence of lumican. Most probably, a6b1 or

a6b4 is excluded of being laminin-binding integrins,

since a6 adhesion was very low in our study, and con-

sequently, b1 and b4 would be without partner.

The effect of a3b1 is reported to be contradictory.

For example, in breast carcinoma, both positive and

negative correlation has been reported. In vitro experi-

ments showed that when a3b1 integrin is blocked, can-

cer cells seem to lose their tendency to adhere, invade,

and metastasize at distant sites. Moreover, when cell–
substrate adhesion is mediated by a3b1, cancer cells

are not easily detached from the primary tumor site, in

order to metastasize [56]. Moreover, there are several

studies describing a3b1 as negative regulator of cell

migration. For example, in vitro study proved that a3-

knockout keratinocytes presented increased cell motil-

ity in vitro and faster wound healing in vivo [57]. The

antimigratory capacity of a3b1 is accompanied by the

ability to promote stable cell–cell junctions. It was

recently demonstrated that a3b1 integrin localizes to

cell–cell junctions in keratinocytes, and cell adhesion

can be blocked, when a3b1 is inhibited [58]. Therefore,

the decreased scattering on laminin is associated with

a decreased number of actin fibers, as well as the focal

adhesions on integrin ligand sites [59].

It is worth noticing that a7 subunit was not ana-

lyzed in our study, since in comparison with a3 and a6
integrin subunits, relatively little is known about the

role of a a7b1 integrin in tumorigenesis. a7 integrin

has a potential tumor suppressive role in several cell

types, probably because of upregulation of the inhibi-

tors of cyclin-dependent kinases and Rac family small

GTPases [60]. Therefore, a7 subunit could comprise a

perspective of this study, in order to investigate

whether this subunit is also involved as laminin recep-

tor in the presence of lumican.

The binding of integrins to focal adhesions transmits

signals from the extracellular environment to the intra-

cellular network, and inversely. This transmission is

mediated by integrins and downstream signaling path-

ways, such as FAK, ERK 1/2 MAPK 42/44, and Akt,

which were downregulated by lumican. Moreover, the

dimers aVb5 and a2b1 are associated with tumor devel-

opment, as they mediate epithelial cell adhesion to the

basement membrane as well as they promote cancer cell

migration, proliferation, and survival. Moreover, in

adult epithelia, a5b1 is fairly expressed, but in case of

cancer, its expression is enhanced [39,61-63].

From all the above, it could be concluded that lumi-

can seemed to have more profound effect on the most

aggressive cells examined, MDA-MB-231 cells, but also

on shERbMDA-MB-231 cells, which possess an epithe-

lial-like phenotype. Upregulation of CD44, its isoform

and its variants, as well as of HA synthases, correlates

with EMT and breast cancer metastasis and lumican

downregulated them, in accordance with its anticancer

activity. Breast cancer metastasis, resulted in part from

increased capacity for cancer cell intravasation, is also

influenced by downregulation of a2b1 integrin, and

lumican was reversing their expression in both MDA-

MB-231 and shERbMDA-MB-231 cells. In addition,

cell adhesion is lowering in cancer, and considering cell

adhesion mediated by integrins, lumican increased cell

adhesion in MDA-MB-231 cells and had no substantial

effect on shERbMDA-MB-231 cells. These observa-

tions, taken together, render critical the synergism of

lumican and ERb and may lead to further investigate as

a target for a therapeutic start point.
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Furthermore, several reports demonstrated that

lumican acts by downregulating phosphorylation of

major cellular kinases of cell migration and prolifera-

tion/survival signaling, like ERK, Akt, FAK, and

mTOR [39,64-68]. However, still most of the mecha-

nisms remain unidentified. There is a plethora of data

about decorin, which inhibits Met receptor signaling

and specifically leads to a noncanonical repression of

beta-catenin and Myc4 [69]. Collecting the data from

this study, our hypothesis is that lumican interacts

through integrins and inhibits FAK phosphorylation,

which leads to the downregulated phosphorylation of

ERK and Akt. Moreover, the inhibition of breast can-

cer cell migration by lumican is closely related to the

inhibition of the phosphorylation of FAK.

The downregulated phosphorylation of ERK and the

reduction of the downstream signaling events result in

decrease of lamellipodia formation and MMP-14 activity,

leading to an inhibition of cell migration. Moreover, the

inhibition of PI3-Akt kinase results in a decrease of its

activity and to a reduction of the downstream signaling

cascade, which may induce inhibition of cell growth.

It was recently published that the suppression of ERb
in the highly invasive MDA-MB-231 breast cancer cells,

which rendered an inhibition of EMT, triggered pivotal

alterations in the gene and protein expression levels of

ECM key components, like PGs, which, respectively, led

to altered behavior of breast cancer cells [70]. miRNAs

are governors of the metastasis and promotion of cancer,

and they may serve as novel targets for therapeutic

approaches of breast cancer [71,72]. Unpublished data of

our research group showed that there is a possible syner-

gistic effect of miRNAs with the anticancer effect of lumi-

can. More specifically, miR let-7d was found to be

overexpressed in MDA-MB-231 cells treated with lumi-

can, while overexpression of miR let-7d is reported to

reverse the EMT and inhibit the migratory and invasive

potential of these cells, confirming the antimigratory

properties of lumican. The expression of miRlet-7d was

also induced in shERbMDA-MB-231. This effect on miR

let-7d may have an impact on the morphology of these

cells as miR let-7d is a trigger of EMT, as it increases the

expression levels of E-cadherin and N-cadherin, markers

of epithelial phenotype, as well as it decreases vimentin,

marker of mesenchymal phenotype [73]. Moreover, the

gene expression of Mir-200b was found to be significantly

induced because of the suppression of ERb, as the mem-

bers of the 200b family target directly to ERa and ERb
[74]. Treatment of MDA-MB-231 and shERbMDA-MB-

231 with lumican increased the gene expression of the

EMT inhibitor miR-200b, confirming the anticancer

effect of lumican. This synergistic effect of lumican with

miR-200b may have an effect on the morphology of these

cells, as miR-200b is linked with the mesenchymal pheno-

type of breast cancer cells, as it is one of the negative regu-

lators of the EMT process, invasion, and metastasis

[72,75,76]. Therefore, miRs in synergy with lumican can

constitute an innovative therapy targeting inhibition of

oncogenic signaling and breast cancer progression.

In conclusion, the obtained data suggest that the

treatment with lumican may be beneficial for breast

cancer. Further studies on the mechanisms and specifi-

cally on the cell signaling underlying the invadopodia

properties, in regard to the ER status, will shed light

on cancer metastasis therapy.

Materials and methods

Chemical reagents and antibodies

The culture medium used was the basal medium (Dul-

becco’s modified Eagle’s medium, DMEM), supplemented

with 10% FBS, 1.0 mM sodium pyruvate, 2 mM L-glu-

tamine, and a cocktail of antibiotics (100 IU�mL�1 peni-

cillin, 100 lg�mL�1 streptomycin, 10 lg�mL�1 gentamycin

sulfate, and 2.5 lg�mL�1 amphotericin B). DMEM, FBS,

sodium pyruvate, L-glutamine, penicillin, streptomycin,

amphotericin B, and gentamycin were all obtained from

Biosera LTD (Courtaboeuf Cedex, France).

Cell culture

Breast cancer, low-metastatic and ERa-positive MCF-7/c

cells (#HTB-22TM), and highly metastatic, ERb-positive
MDA-MB-231 cells (#HTB-26TM) were obtained from

ATCCR. The control cells were cultured in standard condi-

tions of humidified 95% air/5% CO2 incubator at 37 °C.
MDA-MB-231 cells were transfected with shRNA against

human ERb or nontargeting shRNA control using poly-

brene solution (sc-134220; Santa Cruz Biotechnology, Inc,

Heidelberg, Germany) according to the manufacturer’s

instructions as previously described [2,3]. In order to estab-

lish the stable clones, culture medium was supplemented

with 0.8 lg�mL�1 puromycin dihydrochloride (sc-108,071;

Santa Cruz Biotechnology, Inc). In all experiments, cell via-

bility was verified and measured higher than 95% by try-

pan blue exclusion test. When necessary, lumican (2846-

LU; R&D systems, Minneapolis, MN, USA) was added in

the cell culture medium at the concentration of 100 nM and

cells were incubated during 24 or 48 h according to the

type of assays.

Cell adhesion

?A3B2 tlsb=-.015w?>Cell adhesion was performed with the

CHEMICON�Alpha/Beta Integrin-Mediated Cell Adhesion

Array Combo Kit (Fluorimetric-ECM535: Sigma-Aldrich

Chemie, Saint-Quentin Fallavier, France). The kit principle
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involves the use of mouse monoclonal antibodies generated

against human alpha (a1, a2, a3, a4, a5, and aV), beta (b1,
b2, b3, b4, and b6) integrin subunits, and aVb3, aVb5, and
a5b1 integrins, which are immobilized onto a goat anti-

mouse antibody-coated microtiter plate. Cells expressing

these integrins on their cell surface are captured in the plate.

Afterward, unbound cells are removed, and the adherent

cells were lysed and detected by the patented CyQuant GR

dye ( Thermo Fisher Scientific, Illkirch, France). This green-

fluorescent dye exhibits strong fluorescence enhancement

when bound to cellular nucleic acids. Relative cell attach-

ment was determined using a fluorescence plate reader.

Specifically, cells were seeded up to 80% confluence. Using

the nonenzymatic dissociation buffer (PBS/2–5 mM EDTA)

for 20 min, cell suspensions were prepared. Cell suspensions

from every cell line, using Hank’s buffered salt solution with

0.1% BSA, 25 mM HEPES, and 1 mM Ca2+/Mg2+, were pre-

pared of a cell density of 2.0 9 106 cells�mL�1. Hundred

microlitre of each cell suspension was added to each well of

the mouse anti-alpha or anti-beta integrin and negative con-

trol captures, in triplicate for every sample.

After seeding the cells, the plates were incubated for 1–2 h at

37 °C in a CO2 incubator. Cell culture media were removed,

cells were hydrated with assay buffer, and plates were incu-

bated for 15 min in the CO2 incubator. A solution of 150 lL
from every well was transferred to a new plate suitable for

fluorescence measurement. Fluorescence was finally mea-

sured by a fluorescence plate reader using 485 excitation/

530 nm emission filters.

3D cell invasion assay

The invasive behavior of breast cancer cells was assessed by

using the Boyden chamber assay according to the method of

Albini [77-79]. Negative controls were tested as well. Isopore

membrane filters (Millipore�) with pore size of 8.0 lm were

used for the assays. Filters were coated with 50 lL of

50 lg�mL�1 collagen type I as previously described [41]. For

every cell line, 2 9 105 cancer cells�mL�1, previously resus-

pended in 800 lL serum-free medium, were seeded on top of

the polymerized gel in the upper chamber. Cells were seeded on

collagen type I-coated filters in the absence or in the presence

of 100 nM lumican in the cell culture medium for 24 or 48 h at

37 °C. Conditioned media were used as chemoattractant,

added in the lower chamber. Millipore filters were removed 24

or 48 h of incubation at 37 °C. The filters were washed with

PBS, fixed in 100% ethanol for 5 min, and stained with 1%

toluidine blue/1% sodium tetraborate for 2 min.

Scanning electron microscopy

MDA-MB-231 and MCF-7 breast cancer cells were seeded

on sixteen ‘Isopore membrane filter’ with pore size of

8.0 lm (Millipore) coated by type I collagen (50 lL of

50 lg�mL�1) with the addition of 100 nM lumican as previ-

ously described [41] for 3D collagen cultures. Similarly,

MCF-7 and MDA-MB-231 breast cancer cells were seeded

in eight similar 3D collagen cultures with no addition of

lumican in order to be used as control groups. After 24

and 48 h, Millipore filters with adhering cells were fixed in

a Karnovsky’s solution for 20 min, rinsed three times with

0.1% cacodylate buffer, dehydrated with increasing concen-

trations of ethanol, and finally dehydrated with hexam-

ethyldisilazane (Sigma-Aldrich Inc.) for 15 min. Millipore

filters were then mounted on proper stubs and coated with

a 5-nm palladium–gold film (Emitech 550 sputter coater,

Kolzer, SRL, Milan, Italy) to be observed under a scanning

electron microscope (SEM) (Philips 515, Eindhoven, the

Netherlands) operating in secondary electron mode.

Laser scanning microscopy

For immunofluorescence/confocal microscopy experiments,

cells were seeded on sterile glass coverslips in 24-well plates

and grown to 50% confluence before treatment. MDA-

MB-231 and shERbMDA-MB-231 cells were seeded at

5 9 105 cells/well. MCF-7/c cells were seeded at

10 9 105 cells/well. Cells were rinsed twice in PBS, fixed

using 4% paraformaldehyde (in PBS buffer) pH 7.2 for

15 min at room temperature, and washed three times with

PBS–Tween buffer. After saturation with 3% BSA for

30 min at room temperature, cells were incubated overnight

at 4 °C with the appropriate primary antibody (Table 1).

The dilutions for the primary antibodies, used for the

detection of each protein, are displayed in Table 1. For the

detection of actin cytoskeleton, cells were permeabilized

with 0.1% Triton X-100 and incubated 1 h at room tem-

perature with Alexa Fluor� 568-conjugated phalloidin at 1/

200 dilution. Negative controls were also prepared after

staining with mouse IgG, isotype control. Slides were

observed under confocal laser scanning microscope (Zeiss

LSM 700, Zeiss, Paris, France).

RNA isolation and real-time PCR analysis

Total RNA of breast cancer cells was isolated using

RNeasy Plus Mini Kit (Qiagen, Courtaboeuf, France)

according to the instructions of the manufacturer. RNA

quality was examined and determined on an Agilent 2100

Bioanalyzer (Agilent Technologies, Massy, France). After-

ward, reverse transcription was performed at 50 °C for

30 min using the Maxima First StrandTM cDNA Synthesis

Kit (Thermo Scientific, Villebon and Yvette, France) with

1 lg of total RNA. The ABI PRISM Instrument (Thermo

Fisher Scientific) was used for the experiments, and the

specific primers for each gene were purchased from Thermo

Fisher Scientific. All primer sequences and sizes of the PCR

product of each targeted gene are presented in Table 2.

The specificity of PCR amplification products was assessed

by dissociation–melting curve analysis. After the reaction

was completed, Ct value was calculated from the
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amplification plots. Each sample was normalized to the

housekeeping gene transcript gene (b-Actin). The results of

relative quantifications were obtained with the use of the

DDCt method. PCR assays were conducted at least three

times in triplicates for each sample.

Western blot analysis

Total cell proteins were prepared from cell monolayers after

being washed twice with PBS and detached after scrapping in

cell lysis buffer (50 mM Tris/HCl, pH 7.6, 0.5 M NaCl, 0.02%

NaN3, 0.6% NP40, 5 mM EDTA, 1 mM iodoacetamide, 1 mM

PMSF, 1 mM Na3VO4, and Protease Inhibitor Cocktail)

(Sigma-Aldrich Chemi). The Bradford method was used for

measuring the protein concentration.

Total cell proteins (30 lg) were mixed with 59 Laemmli

buffer (1.25 M Tris, 10% SDS, 20% sucrose, pH 6.8, 0.005%

bromophenol blue) and b-mercaptoethanol, to obtain a final

concentration of the latter of 3%. The total volume of the sam-

ples is maximum of 30 lL, with the precondition that all the

loading samples have the same concentration. Samples were

denatured for 5 min at 95 °C and were then subjected to

electrophoresis in a polyacrylamide gel (concentration range:

7.5–15%, containing 0.1% SDS). Proteins were transferred by

electroblotting onto Hybond-P PVDF membranes (GE

Healthcare, Orsay, France), previously activated for 10 s in

methanol. The membranes were saturated in TBS-T solution

(0.1% Tween-20, 20 mM Tris, and 140 mM NaCl, pH 7.6) con-

taining 5% nonfat milk (Bio-Rad, Marnes-la-Coquette,

France) or 5% BSA for 2 h at room temperature. Membranes

were incubated overnight at 4 °C with constant gentle shaking

with primary antibodies (Table 1). The next day, membranes

were washed three times with TBS-T and incubated with a

1 : 10 000 dilution of the adequate corresponding secondary

antibody conjugated to horseradish peroxidase in 1% nonfat

milk or 1% BSA, in TBS-T for 1 h at room temperature. After

three washes with TBS-T, the bands were visualized by the

ECL Prime Chemiluminescence Detection reagent (GE

Healthcare), according to the manufacturer’s instructions. The

chemiluminescence signal was captured using a ChemiDocTM

MP Imaging (Bio-Rad).

Phosphorylation analysis

Western blot experiments concerning the signaling path-

ways require a specific way of preparation of the cell

Table 2. List of primers used for real-time PCR.

Gene

Amplicon size

(bp) Accession number

CD44 70 Hs01075861_m1 Thermo Fisher

Scientific

CD44s 108 Hs01081473_m1 Thermo Fisher

Scientific

CD44 (v2–

v10)

66 Hs01075866_m1 Thermo Fisher

Scientific

CD44 (v3–

v10)

63 Hs01081480_m1 Thermo Fisher

Scientific

CD44 (v8–

v10)

82 Hs01081475_m1 Thermo Fisher

Scientific

HAS1 105 Hs00155410_m1 Thermo Fisher

Scientific

HAS2 63 Hs00193435_m1 Thermo Fisher

Scientific

HAS3 60 Hs00193436_m1 Thermo Fisher

Scientific

b Actin 171 Hs99999903_m1 Thermo Fisher

Scientific

Table 1. List of primary antibodies used in western blot (WB) and immunocytochemistry (ICC) experiments.

Recognized protein Host and isotype Dilution Reference

Actin Polyclonal goat IgG WB: 1/1000 Sc-1616; Santa Cruz Biotechnology

Akt Monoclonal rabbit IgG WB: 1/1000 4691; Cell Signaling Technology (Leiden, the Netherlands)

Cortactin p80/p85 (clone 4F11) Monoclonal mouse IgG1 WB: 1/2000

ICC: 1/100

05-180; Millipore�

ΕRK 1/2 MAPK 42/44 Rabbit IgG1 WB: 1/1000 9102; Cell Signaling Technology

FAK Polyclonal Rabbit IgG WB: 1/1000 Sc-932; Santa Cruz Biotechnology

GSK3 a/b Monoclonal rabbit IgG WB: 1/1000 5676; Cell Signaling Technology

Integrin a2-cd49b Monoclonal Mouse IgG2a ICC: 1/100 611016; BD Biosciences (Claix, France)

Integrin a2 (blocking) Monoclonal Mouse IgG1 WB: 1/1000 MAB1950; Millipore�

Integrin b1-cd29b Mouse IgG1 ICC: 1/100 610467; BD Biosciences

Integrin b1 Polyclonal rabbit IgG WB: 1/1000 AB1952P; Millipore�

P130Cas Monoclonal Mouse IgG1 WB: 1/1000 610271; BD Transduction LaboratoriesTM Null, US

Phospho-Akt (ser473) Monoclonal rabbit IgG WB: 1/1000 4060; Cell Signaling Technology

Phospho-ERK 1/2 MAPK 42/44 Rabbit IgG WB: 1/1000 4370; Cell Signaling Technology

Phospho-FAK Monoclonal Mouse IgG WB: 1/300 05-1140; Millipore�

Phospho-GSK3 a/b Monoclonal rabbit IgG WB: 1/1000 9323; Cell Signaling Technology

Phospho-p130Cas (Tyr410) Polyclonal rabbit IgG WB: 1/1000 4011; Cell Signaling Technology
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lysates. For every cell line, 5 9 106 cells were required as a

starting point. Cells were rinsed twice with a buffer con-

taining 50 mM HEPES, 126 mM NaCl, 5 mM KCl, and

1 mM Na2EDTA. Then, cells were incubated for 5 min at

37 °C to detach in the above buffer. Serum-free basal med-

ium was added, and the cell suspensions were centrifuged

for 1 min at 400 g at 4 °C. The cell pellets were resus-

pended in serum-free basal medium and separated in low-

binding tubes (in order to avoid lower protein absorbance).

Every tube corresponds to a time point: 0, 5, 10, 15 min.

Cell suspensions were prepared both in the absence and

presence of lumican (100 nM), which was added at 0-min

time point. All samples were placed in a carousel at 37 °C
and were pulled according to the time point. All the gath-

ered samples (final volume 100 lL) were placed on ice and

then centrifuged at 400 g at 4 °C. Pellets were resuspended

in lysis buffer (2% SDS in 50 mM Tris, pH 7.4, 150 mM

NaCl, 5 mM EDTA, 10 mM NaF, 2 mM Na3VO4, 1 mM

PMSF, 10 lg�mL�1 leupeptin, 10 lg�mL�1 aprotinin). Sam-

ples were centrifuged at 1400 g at 4 °C for 15 min. Super-

natants were collected, and their protein concentration was

measured by the Bradford assay. Proteins were denatured

at 95 °C for 5 min before western blot. The experiments

were repeated three times.

Statistical analysis

Reported values are expressed as mean � standard devia-

tion (SD) of experiments in triplicate. Statistically signifi-

cant differences were evaluated using the analysis of

variance (ANOVA) test and were considered statistically

significant at the level of at least P ≤ 0.05. Statistical analy-

sis and graphs were made using GRAPHPAD PRISM 6 (Graph-

Pad Software, San Diego, CA, USA).
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