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ABSTRACT
In lung cancer, the Epidermal Growth Factor Receptor (EGFR) is one of the main targets for clinical
management of this disease. The effectiveness of therapies toward this receptor has already been linked
to the expression of integrin receptor subunit b1 in NSCLC A549 cells. In this work we demonstrate that
azurin, an anticancer therapeutic protein originated from bacterial cells, controls the levels of integrin b1
and its appropriate membrane localization, impairing the intracellular signaling cascades downstream
these receptors and the invasiveness of cells. We show evidences that azurin when combined with
gefitinib and erlotinib, tyrosine kinase inhibitors which targets specifically the EGFR, enhances the
sensitivity of these lung cancer cells to these molecules. The broad effect of azurin at the cell surface level
was examined by Atomic Force Microscopy. The Young ’s module (E) shows that the stiffness of A549 lung
cancer cells decreased with exposure to azurin and also gefitinib, suggesting that the alterations in the
membrane properties may be the basis of the broad anticancer activity of this protein. Overall, these
results show that azurin may be relevant as an adjuvant to improve the effects of other anticancer agents
already in clinical use, to which patients often develop resistance hampering its full therapeutic response
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Introduction

In order to progress, malignant cancers need to invade sur-
rounding tissues. To do so, cells need to establish effective con-
nections with the surrounding extracellular matrix (ECM). Cell
adhesion occurs mainly through cell-surface receptors, such as
the integrin superfamily, which are composed of a- and b-sub-
units, forming 24 already known ab heterodimers.1-3 These
receptors contain sequences for physical attachment of cells to
the ECM, and their signaling alters various processes, including
cell shape and an appropriate response to directed cell migra-
tion.4 Increasing evidences suggest that cell adhesion controls
not only proliferation and migration in cancer cells, but can
also exert a broader modulation in the interaction with tumor
microenvironment. For example, integrins can promote the
intracellular signaling of other membrane proteins such as
Growth Factor (GF) receptors. In the case of non-small cell
lung cancer (NCSLC), increased expression of a5b1 integrin is
a poor prognostic factor.5 NCSLC accounts for 80% of all lung
cancer and is of an epithelial origin. It has been recently dem-
onstrated that in lung cancer cells b1 integrin controls
Epidermal Growth Factor receptor (EGFR) signaling and its
tumorigenic properties,6 suggesting that this transmembrane
protein may be a suitable target for therapies.

Azurin, a protein from the bacterium Pseudomonas aeruginosa,
has demonstrated antitumor properties.7,8 This protein has been
intensively studied in different in vitro and in vivo models,

demonstrating its ability to interfere in different steps of tumor
development.9-12 A peptide derived from this protein, composed of
28 amino acids, named p28, has recently completed a phase I clini-
cal trial and is now undergoing a second phase I trial against pediat-
ric brain tumors (https://clinicaltrials.gov/ct2/show/NCT01975116
).12-16 In a previous work, we performed a genome-wide micro-
array analysis of azurin-treated breast cancer cells. Among the
most represented classes of genes whose expression was down-
regulated upon azurin exposure were the classes of genes asso-
ciated to biological/cell adhesion and cell surface receptors
linked to signal transduction. Based on that, we also observed a
decrease in the protein levels of integrin subunit b1 in azurin-
treated breast cancer cells and a decreased ability to adhere to
different ECM components and to grow in anchorage-indepen-
dent conditions.17

In this study, we demonstrate that these effects can be
extended to a non-small cell lung carcinoma model and that
azurin can affect the EGFR signaling in this model. Further-
more, we show that azurin potentiates the effects of EGFR-tar-
geted therapy with gefitinib and erlotinib. We also demonstrate
that azurin-treated lung cancer cells have altered morphological
features analyzed by Atomic Force Microscopy (AFM) imaging
and nanoindentation measurements, revealing significant alter-
ations that can be the basis of the broad range anticancer effects
of azurin.
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Results

Azurin decreases adhesion of A549 to ECM components
and b1 integrin subunit protein expression

A549 cell line is a model for NSCLC with expression of high
levels of wt EGFR.6 We investigated if azurin had the ability to
interfere with adhesion between A549 cells and protein constit-
uents of the ECM, such as laminin-332, collagen type I, colla-
gen type IV and fibronectin. Cells were exposed to azurin for
48h, after which they were left to adhere to ECM proteins.
Adhesion was measured by the crystal-violet assay. In general,
a decrease in the adhesion of azurin-treated cells to ECM pro-
teins was observed. Adhesion was particularly reduced to colla-
gen type I and fibronectin, where a 40–50% decrease was

detected (Fig. 1A). BSA-coated wells were used as control, with
no apparent alterations in the adhesive capacity of cells.

The integrin subunit b1 is a critical player mediating adhe-
sion to ECM protein components (integrins a2b1 and a5b1
bind to collagen and fibronectin, respectively). We have previ-
ously observed that azurin causes a decrease in the protein lev-
els of this subunit in breast cancer cells.17 Here, we observed
the same effect, with total protein levels consistently dimin-
ished when cells were grown in normal plastic conditions and,
even more evident, when cells were grown on top of a solid
matrix composed of collagen type I (1mg/mL) (Fig. 1B, white
bars). We also tested the effects on E-cadherin protein levels.
E-cadherin is a known tumor suppressor protein associated to
the epithelial phenotype of non-cancerous cells.18 Interestingly,

Figure 1. A) Azurin alters adhesion of A549 lung cancer cells to some extracellular matrix (ECM) components. Azurin treatment (50 mM and 100 mM, 48h) caused a reduc-
tion in the percentage of adhesion of cells to laminin-332, fibronectin and collagen type-I and IV (adhesion time = 20 min; � p < 0.05). B) A single treatment with azurin
at 100 mM for 48h (same conditions as for adhesion assays) reduces protein expression of integrin subunit b1 under normal plastic conditions (black bars), or a matrix
formed by collagen type-I (white bars) in A549 lung cancer cells. In contrary, these cells exhibit higher levels of E-cadherin under the same conditions. In the right panel,
results are presented as the ratio of band intensity of target protein between azurin treated samples and control samples, both normalized to their respective actin band
intensity (� p < 0.05). C) Immunofluorescence staining of integrin b1 (green, upper panel) and E-cadherin (green, lower panel) under the same treatment conditions
(nuclei – DAPI, blue). Treatment with azurin alters the normal membrane staining of this transmembrane protein causing a delocalozation to a diffuse pattern in the inte-
rior of cells; D) Co-immunoprecipitation of ubiquitin and integrin b1. An antibody to this integrin was incubated with total cell lysates and used to precipitate it from
both control and azurin treated total cell lysates. Proteins were separated in SDS-Page gels transferred to membranes which were probed with anti-ubiquitin antibody. A
band corresponding to ubiquitin was detected at the molecular weight correspondent to integrin b1.
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the total protein levels of E-cadherin were increased in the same
treatment conditions.

A difference in the pattern of this integrin subunit was also
observed after immunofluorescence staining. In untreated cells,
b1 is located mainly at the cell membrane; however, upon treat-
ment with azurin, the cells exhibit a much lower staining
(Fig. 1C, upper panel). Based on this, we tested if azurin is tar-
geting this protein for degradation, by studying its ubiquitina-
tion. Integrin b1 was immunoprecipitated from total protein
extracts in the conditions previous described and the mem-
branes were probed with anti-ubiquitin (FK2) to detect ubiqui-
tin revealing a corresponding band (Fig. 1D). Furthermore, we
also performed a immunostaining of E-cadherin in both
untreated and treated cells, and it is possible to see that the cell
membrane retains its integrity after azurin treatment (Fig. 1C,
lower panel).

Azurin impairs invasion behavior and pro-tumorigenic
signaling in A549 cells

The positive role of b1 integrin in the invasion of A549 cells has
been previously demonstrated.6 We tested if azurin, by decreas-
ing its protein levels, was also capable of decreasing the cells’
ability to migrate directionally, through Matrigel in Transwell
assays. Treatment with azurin lead to a decrease in the invasive
capacity of the cells by around 30%, with no additional stimuli
(Fig. 2), supporting the observed decrease in b1 integrin.

In response to the physical attachment of integrins to the
ECM, downstream intracellular signaling cascades are activated
to improve cell proliferation and/or migratory and invasive
capacities. Similar to other cell models,12,17 in A549 lung cancer
cell lines, azurin decreases the phosphorylated levels of non-
receptor tyrosine kinases, such as Src and Pi3K/Akt, down-
stream of EGFR (Fig. 3). A statistically significant decrease is
observed in the phosphorylated forms of these 3 signaling
intermediates after treatment with azurin, particularly when
cells were treated with 100mM of azurin. For Akt, an addition
of azurin at 100mM results in a decrease of about 10% in the
total levels of this protein, but the phosphorylated form

decreases to about 40% in the same conditions, indicating that
the phosphorylated form is much more affected than the levels
of both phosphorylated and non-phosphorylated protein.

Azurin leads to a defective response to EGF and enhanced
sensitivity to EGFR-targeted therapy

In normal epithelial cells, the role of integrins in supporting the
EGFR activation both in the presence and absence of EGF is
already established.1 In A549, Morello and colleagues,6 have
shown that EGFR phosphorylation is dependent on b1 integ-
rin-adhesion events, suggesting a dependence for proper EGFR
signaling on b1 integrin. When treated with azurin in the same
conditions where b1 integrin protein levels are decreased
(100 mM, 48h), an increase in the total levels of the EGFR are
observed. The same has been observed when b1 integrin was
silenced using siRNA; however, in that case b1-silenced cells
had a defective response to soluble EGF. We tested then the
ability of azurin-treated cells to respond to EGF. Two concen-
trations of EGF (20 and 50 ng/mL) were exposed to cells in the
presence or absence of azurin for another 30 min, after 48h in
the absence or presence of the protein, respectively. What we
observed was that in the presence of azurin, the levels of phos-
phorylation in the EGFR on the signaling related residues
Y1068 failed to increase such as those of the cells exposed to
EGF in the absence of the pre-treatment with azurin (Fig. 4A).
Also, upon binding of soluble EGF, EGFR internalization
through its canonical pathways is essential for the downstream
signaling cascade of this receptor. We observed that in the pres-
ence of azurin, despite the fact that the level of the receptor
seems to be originally increased; the decrease of total EGFR is
lower after EGF stimulation.

In this context, we exposed A549 lung cancer cells to a selec-
tive EGFR inhibitor, Gefitinib, at low concentrations, to assess
the potential synergy of a co-treatment with azurin. The over-
expression of b1 integrin in lung cancer has itself been associ-
ated to the resistance to the treatment with this drug, a process
that is at least in part mediated by the signaling pathways that
are attenuated by azurin.6,19,20 The combined treatment
(Fig. 4B, dark gray bars) with different doses of azurin and gefi-
tinib (at doses below the IC50) showed that the toxicity caused
at the azurin concentrations where b1 integrin is decreased is
much higher than upon exposure to either of the agents alone,
indicating that the lowering of this integrin subunit and down-
stream signaling attenuation significantly enhances the effect of
this pharmacological agent. In particular, when we combined
the highest doses tested for each agent (azurin at 100mM and
Gefitinib at 1mM, we observed an increase of about 15–20% in
cell death when compared to the sum of each agent alone. To
confirm this result, we tested another EGFR-targeted agent,
namely erlotinib, demonstrating an identical behavior, i.e. a
synergistic effect in comparison to the single treatments
(Fig. 4C).

Azurin alters membrane properties in lung cancer cells

The observations presented in the previous sections regarding
alterations in the adhesive properties of A549 cells to ECM, as
well as defective signaling response to EGF by its receptor and

Figure 2. Azurin decreases invasion of A549 cells. Matrigel Invasion Assays showed
that a single treatment with azurin 100 mM for 48 h significantly reduced the inva-
sive behavior of breast cancer cells in Transwell assays (� p < 0.05).
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associated intracellular signaling pathways, prompted us to
study by Atomic Force Microscopy (AFM) possible alterations
in the cellular biophysical and nanomechanic properties, which
could explain the interference with cell attachment and
response to growth factors. Cells are in constant need to adapt
to changes in the surrounding environment, therefore adapting
their physical and chemical properties, namely at the mem-
brane level, the cell’s physical barrier to its exterior. These
changes impact important cellular processes such as adherence,
signaling, invasion and proliferation. AFM is a technique with
increased importance in detecting and quantifying these
changes, namely on elasticity and deformability.21 By AFM
imaging, we could detect differences both on cell height and
area, induced by the treatments with azurin and the pharmaco-
gical agent gefitinib (Fig. 5). These changes may be associated
with differences in the cytoskeleton arrangement upon treat-
ment, generated by the decreased intracellular signaling cas-
cades that azurin and gefitinib produce. It is also noted that in
control (untreated) condition, cells’ nuclei appear thicker and
better defined than upon treatment, particularly when both
agents are added, in accordance with the highest toxicity
observed.

Variations in the elastic modulus can be used to assess the
effect that external molecules can cause in the deformability
of cells or on their stiffness. We measured alterations in the
membrane elasticity through nanoindentation using the
AFM tip of A549 cells untreated or treated with azurin
(100 mM), gefitinib (1 mM) or both combined, for 72h. Indi-
vidual force-displacement curves were obtained, converted to
force-distance (F-d) curves and shifted to remove the offset.
The Young’s modulus (E) of treated cells was decreased
upon treatment with either of the compounds (Fig. 6). For
azurin alone, a decrease in E of approximately 30% was

detected; gefitinib generated a decrease of the same magni-
tude, as well as the combined treatment. Interestingly, these
results show that azurin induces the same type of decrease in
membrane stiffness as gefitinib, suggesting that the same
type of alterations may be occurring in those cells, like the
decrease of intracellular signaling cascades that may lead to
cell cycle arrest and/or inhibition of proliferation, reflected
in the cell’s phenotype and topography.

Discussion

The cooperation between integrins and growth factor recep-
tors is well established as a coordinated mechanism used by
cells to orchestrate an appropriate response to external
stimuli and maintain tissue homeostasis.1,2 In the case of b1
integrin/EGFR, the importance of this coordinated response
has been outlined for breast and lung cancers,6,22-24 there-
fore integrin subunit b1 is now recognized as a drug target
in several cancer models. In fact, in lung cancer, its aber-
rant overexpression has been associated with reduced
patient survival.5,25 In a recent study with breast cancer
cells, we identified biological/cell adhesion as part of the
response to azurin in a genome-wide transcription analysis.
A decrease in the levels of b1 integrin was also observed in
those models, along with decreased adhesion to ECM pro-
teins and reduced mammosphere forming efficiency.17 In
this work we demonstrate that azurin also causes a decrease
in the levels of this protein in A549 non-small lung cancer
cells and that it can also be associated to a decreased in the
invasion through an artificial matrix such as Matrigel.

In an endothelial model of HUVEC cells, exposition to p28
for 30 min altered the migratory ability of those cells, as well as
the kinase activity of VEGFR-2, in response to the soluble

Figure 3. Effect of azurin in PI3K, Akt and Src signaling. Azurin at 50 mM and 100 mM decreased phosphorylation levels of pPI3K, pAkt and pSrc in both A549 cells. Total
PI3K, Akt and Src levels were also analyzed. Results are presented as the ratio of band intensity of target protein between azurin treated samples and control samples,
both normalized to their respective GAPDH band intensity (� p < 0.05).
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factor VEGFA.12 Also, the intracellular signaling response of
non-receptor tyrosine kinases downstream of VEGFR-2, as
FAK and PI3K, were also inhibited, suggesting an outside-in
attenuated response to the soluble growth factor in the presence
of p28. In breast cancer cells, addition of azurin for up to 24 or
48h, reduced phosphorylation of FAK and Src, also associated
to decreased invasion through Matrigel, in models in which
increased activity was activated by an overexpression of P-cad-
herin, also downregulated by azurin.26 In this work, the levels

of p-Src Y416, pAkt S473 and pPI3K were severely attenuated,
suggesting that the alterations of induced extend from the b1
integrin protein levels and appropriate membrane localization
to the intracellular partners.

Our results show that, in addition to the decrease in b1
integrin, A549 lung cancer cells have a defective response to
EGF and enhanced in vitro sensitivity to EGFR-targeted phar-
macological agents. Exposition to EGF for 30 min in the pres-
ence of azurin prevented the phosphorylation of EGFR-Y1068

Figure 4. (A) Effect of azurin in EGFR signaling. Azurin at 50 mM and 100 mM decreased phosphorylation levels of pEGFR in both A549 cells. Total EGFR levels were also
analyzed. Results are presented as the ratio of band intensity of target protein between azurin treated samples and control samples, both normalized to their respective
actin band intensity (� p < 0.05) (upper panel); Azurin internalization impairs proper pEGFR response to soluble EGF. Cells were serum starved for 24h, pre-treated with
azurin (100 mM, 48h) and treated with EGF (20 or 50 ng/ml) for 30 min. EGF-dependent signaling was evaluated in western blot with pEGFR Y1068 antibody. Results are
presented as the ratio of band intensity of target protein between azurin-treated samples and control samples, both normalized to their respective GAPDH band intensity
(� p < 0.05). B) Azurin potentiates the effects of gefitinib. 4 £ 103 cells per well were plated in 96-well plates and left to adhere overnight. In the next day, cells were
treated with either azurin (25, 50 or 100 mM), gefitinib (0.01, 0.1 or 1 mM) or a combination of both. After 72h, cell proliferation was determined by MTT assay. Results
are expressed as percentage of cell death relative to the control (untreated cells). Values are presented as mean § SD. White bars represent cell treated with azurin only,
gray bars represent cells treated with gefitinib only, and dark gray bars represent cells treated with both agents. The asterisks over each bar represent statistical signifi-
cance related to untreated cells; the asterisks over a line connecting 2 bars represent statistical significance between those 2 conditions (� p< 0.05). C) Azurin potentiates
the effects of erlotinib. 4 £ 103 cells per well were plated in 96-well plates and left to adhere overnight. In the next day, cells were treated with either azurin (100 mM),
erlotinib (1 mM) or a combination of both. After 72h, cell proliferation was determined by MTT assay. Results are expressed as percentage of cell death relative to the con-
trol (untreated cells). Values are presented as mean§ SD. White bars represent cell treated with azurin only, gray bars represent cells treated with erlotinib only, and dark
gray bars represent cells treated with both agents. The asterisks over each bar represent statistical significance related to untreated cells; the asterisks over a line connect-
ing 2 bars represent statistical significance between those 2 conditions (� p < 0.05).
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that occurred in the absence of the protein, implicating b1
integrin in the full response to EGF.

Recent reports have elucidated that the mechanisms by
which lung cancer cells develop resistance to EFGR-targeted
therapy often involve an elevated expression of b1 integrin,
combined with increased activity of Src and PI3K/Akt path-
ways.19,20 Ju et al. have established a model of PC9-derived cells
with increased resistance to gefitinib, PC9/AB2, in which ele-
vated expression of this integrin subunit increased cells’ adhe-
sion and migration, which were reverted by the silencing of the
receptor.20 In another study, Kanda and colleagues found that
in lung cancer cells harboring EGFR activating mutations and

increased resistance to erlotinib, there was an increased expres-
sion of Src and integrin b1. Likewise, silencing of integrin b1
restored sensitivity to the drug, further reducing the activation
of Src and Akt. Other studies have shown that the interaction
between cancer cells and the extracellular matrix proteins can
also be a factor reducing the sensitivity to anticancer agents.27-
29

Recently, we performed a global transcriptomic analysis in
breast cancer cells, where an up-regulation in the expression of
genes associated to membrane reorganization was observed.
Another class of genes with increased expression related to
untreated cells was endocytosis, suggesting that the mechanism

Figure 5. A) Representative height (upper panel) and error (lower panel) AFM images of A549 cells untreated (control), or treated with azurin (100 mM, 48h), gefitinib
(1 mM, 72h) or both (same concentrations, 72h). B ) Morphological characteristics (cell area, height and volume) of A549 cells at the same conditions. Values are presented
as mean § SEM. � p < 0.05; �� p < 0.01; ��� p < 0.001.

Figure 6. (A) Force indentation curves obtained from indentation of A549 cells untreated (control), or treated with azurin (100 mM, 48h), gefitinib (1 mM, 72h) or both
(same concentrations, 72h); (B) Young’s modulus for A549 cells untreated (control), or treated with azurin (100 mM, 48h), gefitinib (1 mM, 72h) or both (same concentra-
tions, 72h). Results with standard deviations were obtained by using over 250 cells, in at least 3 different biological replicates, with 5 force curves per cell. Values are pre-
sented as the maximum Gaussian mean § SEM. � p = 0.015; ��� p < 0.001.
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by which azurin enters cells may cause alterations at the cell
membrane level.17 One of the most interesting aspects of the
anticancer activity displayed by azurin seems to be the broad
range of molecular mechanisms it can affect in cancer
cells.11,12,15,16 We hypothesized that such a broad range must
be connected to an alteration in important features of cancer
cells, such as its membrane properties, altering its ability to
interact with the surrounding environment, its ability to
respond to extracellular signaling and its response to therapeu-
tic agents. Cell stiffness measured by Atomic Force Microscopy
is gaining increased importance to study the characteristics of
cancer cells and the way these properties may influence the
response to therapeutic agents.21,30-32 On one hand, invasive
cancer cells seem to have a lower membrane elastic modulus
compared to non-invasive cells, which in turn, have even lower
elastic modules than non-cancer cells in different models.33,34

On the other hand, there are other reports evidencing that can-
cer cells treated with different pharmacological agents exhibit a
decrease in their membrane stiffness (decreased E), as observed
in our study. Particularly, paclitaxel caused a decrease in the
stiffness of Ishikawa and HeLa cells, reflecting the apoptotic
changes occurred.31 Interestingly, 2 different anticancer pepti-
des, human HNP-1 21 and a customized anticancer peptide
CB1a,32 were recently reported to induce similar changes in dif-
ferent cancer models, in which the anticancer activity was
accompanied with decrease membrane stiffness, reflecting the
apoptotic changes induced. Also, the role of cytoskeleton rear-
rangement was recently associated with resistance to cisplatin
and membrane stiffness in ovarian cancer. Cisplatin-resistant
cell lines were found to have a higher Young’s modulus than
cisplatin-sensitive in a panel of 9 ovarian cancer cell lines.30 In
our work, azurin alone led to a decrease of approximately 30%
in the stiffness of A549 lung cancer cells, as observed for gefiti-
nib alone, and for the combination of both agents. This result
correlates with decreased invasion and the ability of cancer cells
to adhere to the ECM protein components.

Tumor recurrence is a major problem that both clinicians
and the scientific community face in combating cancer. New
therapeutic strategies, more effective in killing cancer cells but
also more selective, are needed, in order to increase the effi-
ciency and decrease the toxic side effects associated with the
current therapies in clinical use. Bacterial proteins and peptides
are a class of new therapeutics with promising applications in
this field. In recent years, azurin, a protein derived from the
bacterium Pseudomonas aeruginosa, has been studied as a new
therapeutic toward cancer. We provide evidences in this work
that azurin alters the membrane biophysical properties of lung
adenocarcinomas, targets the integrin subunit b1, as previously
observed for breast cancer cells, and that these effects extend to
signaling pathways that mediate resistance to a pharmacologi-
cal agent, potentiating its effects at low doses. These effects may
be of particular interest in drug resistant cancers, where the
more rigid nature of the membrane was associated to increased
resistance to the accumulation of anticancer drugs.35 In this
context, a distinct membrane lipid composition in cancer cells
relative to normal cells may be implicated, as well as the local
organization in membrane microdomains, such as lipid rafts,
that may be disrupted by azurin, potentiating the effects of
other co-administrated drugs.

Materials and methods

Antibodies

The following antibodies were used: integrin subunit b1 (WB -
1:200, IF – 1:50, Santa Cruz Biotechnologies); E-cadherin
(WB - 1:1000, IF – 1:100, clone HECD1, Takara Bio Inc.),
b-actin (1:1000, Santa Cruz Biotechnologies) GAPDH (Glycer-
aldehyde 3-phosphate dehydrogenase 1:1000, Santa Cruz Bio-
technology), Epidemal growth factor receptor (1:500, Cell
Signaling), pEFGR -Y1068 (1:500, Cell signaling), total Src
(1:500, Cell Signaling), pSrc Y416 (1:500, Cell Signaling), total
Akt (1:1000, Santa Cruz Biotechnologies), pAkt S473 (1:500,
Cell Signaling), pPI3K (1:500, Cell Signaling), and total PI3K
(1:500, Cell Signaling).

Cell culture and growth conditions

Human lung adenocarcinoma cell line A549 was grown in
DMEM (Gibco) supplemented with 10% heat-inactivated fetal
bovine serum, penicillin and streptomycin (100U/ml and
100mg/ml, respectively), supplemented with 0.292 g/liter L-glu-
tamine (Gibco) at 37�C in a 5% CO2 atmosphere.

Bacteria growth media and protein purification

Bacteria growth and protein expression and purification were
performed as previously described.26

Adhesion assay to ECM substrates

Cell adhesion was performed in 96-well plates coated with lami-
nin 332 (Sigma-Aldrich), fibronectin (Sigma-Aldrich), type-I or
IV collagen (Sigma-Aldrich) (5mg/ml) overnight at 4�C. After-
wards, plates were washed 3 times with phosphate buffered
saline (PBS) and non-specific binding sites were blocked with
0.5% BSA (w/v) in PBS containing PenStrep (Invitrogen) for 2h
at 37�C. After washing again, 100 mL of untreated or azurin (50
or 100 mM; 48h) treated cells (106 cells/ml) were seeded in
serum-free media for 30 min. Non-adherent cells were removed
by washing plates 3 times with PBS, and the attached cells were
fixed with acetone:methanol (1:1) for 10 minutes at 4�C. Adhe-
sion was determined following the colorimetric method
described by Busk et al.,36 measuring absorbance at 570 nm with
a microplate reader. BSA and plastic uncoated wells were used
as controls. Results are presented as the percentage of adhesion
between azurin-treated and untreated cells (100%).

Protein extraction and western blot analysis

Cultured cells, treated with azurin (50 or 100 mM) or untreated,
were lysed using catenin lysis buffer (1% Triton X-100 and 1%
NP-40 in deionized PBS), supplemented with 1:7 protease
inhibitor cocktail (Roche Diagnostics GmbH) and with 1:100
of phosphatase inhibitor cocktail 3 (Sigma). Cells were washed
twice with PBS and lysed in 100 mL of catenin lysis buffer for
10 min, at 4�C. Lysed cells were collected and vortexed 3 times,
for 10 s, prior to centrifugation at 14000 rpm for 10 min at
4�C. Total protein quantification was performed with BCATM

Protein Assay kit (Pierce). Twenty mg (E -cadherin, total FAK,

CELL CYCLE 1421



Src and Akt), 30 mg (b1 integrin, phosphorylated FAK, Src and
Akt) or 40 mg (p-EGFR Y1068) of the total protein lysate was
dissolved in sample buffer [Laemmli with 5% (v/v) 2-b-mer-
captoethanol and 5% (v/v) bromophenol blue], boiled for
5 min at 95�C, and separated by SDS-PAGE. Proteins were
transferred onto nitrocellulose membranes using the Trans-
blot TurboTM Transfer System (BioRad). Membranes were
blocked with 5% (w/v) non-fat dry milk in PBS containing
0.5% (v/v) Tween-20 (PBS-T) or 5% BSA (for phosphorylated
protein detection) for 1 h, incubated with primary antibodies
overnight at 4 �C and washed 3 times for 5 min with PBS-T.
Membranes were then incubated for 1 h with secondary anti-
bodies, conjugated with horseradish peroxidase. Proteins were
detected through the addition of ECL reagent (Pierce) as a sub-
strate and captured the chemiluminescense by Fusion Solo
(Viber Lourmat) equipment. Three experiments were indepen-
dently performed and representative results are shown. Signal
quantifications were performed using ImageJ and results are
presented as the ratio between the signal intensities in azurin-
treated samples to untreated cells, both normalized to the
respective actin band intensities.

Immunofluorescence

Cells were cultured on glass coverslips and treated with azurin
(100 mM). After 48h, medium was collected and cells were
washed twice with PBS. Fixation was performed with NH4Cl
for 20 min at room temperature. Permeabilization was achieved
with 1% Triton X-100 in PBS for 5 min at room temperature
and coverslips were blocked with 5% BSA solution in PBS for
30 min. Primary antibody to b1 integrin was added for 1 h at
room temperature (1:50). After this incubation, cells were
washed 3 times for 5 min with PBS and incubated with second-
ary antibody for 1 hour, at room temperature (1:500 dilution,
mouse polyclonal conjugated with Alexa-488). Each sample
was washed with PBS after the incubation period and mounted
with Vectashield (Vector Laboratories Inc.,) containing 4,6-dia-
midine-2-phenylindolendihydrochloride (DAPI). Samples were
examined on a Leica TCS SP5 (Leica Microsystems CMS
GmbH, Mannheim, Germany) inverted microscope (model
DMI6000) with a 63£ water (1.2-numerical-aperture) apochro-
matic objective.37

Matrigel invasion assays

Matrigel Invasion assay was performed according to the man-
ufacturer�s instructions (BD Coat Matrigel Invasion Chambers,
BD Biosciences). Briefly, Matrigel inserts containing an 8 mm
pore size PET membrane with a thin layer of Matrigel Base-
ment Membrane Matrix were pre-incubated with serum-free
media for 2 h at 37�C. 5 £ 104 A549 lung cancer cells were
seeded in the upper compartment, with or without azurin (con-
trol). After 48h, invasive cells were colored with DAPI and
counted under the microscope. In each condition, 10 indepen-
dent fields were counted and the average of these fields consid-
ered as the mean number of invasive cells per condition.
Results are presented as the fold change in invasion of cells in
comparison with the untreated cells.

MTT cell proliferation assay

MTT [3-(4,5 dimethylthiazol-2-yl-2,5 tetrazolium bromide)]
assays were used to determine the viability of breast cancer cells
upon azurin exposure. Breast cancer cells were seeded in
96-well plates (3 replicates) (Orange Scientific) at a density of
4 £ 103 cells. After 24h, medium was changed and fresh azurin,
Gefitinib (Santa Cruz), a combination of both or an identical
volume of media (100 mL) were added. After another 72h,
20 mL of MTT (5 mg/ml) were added to each well and incu-
bated at 37�C for 3.5h. The reaction was stopped by the addi-
tion of 40mM HCl in isopropanol (150 mL). MTT formazan
formed was spectrophotometrically read at 590 nm in a 96-well
plate reader. Untreated cells were used as control, in order to
determine the relative cell viability of treated cells.

Atomic force microscopy

An atomic force microscope NanoWizard II (JPK Instruments,
Berlin, Germany) mounted on the top of an Axiovert 200
inverted microscope (Carl Zeiss, Jena, Germany) was used for
cell imaging. The AFM head is equipped with a 15-mm z-range
linearized piezoelectric scanner and an infrared laser. Cultured
cells were washed with PBS, pH 7.4, and gently fixed with glu-
taraldehyde solution 2.0 % (v/v) for 10 min at room tempera-
ture. Cells were subsequently washed 3 times with PBS and
MilliQ water and allowed to air dry at room conditions. The
AFM imaging of the cells was performed in tapping mode, in
air. Oxidized sharpened silicon tips (ACL tips from Applied
Nanostructures, CA) with a tip radius of 6 nm, resonant fre-
quency of about 190 kHz and spring constant of 45 N/m were
used for the imaging. Imaging parameters were adjusted to
minimize the force applied on the scanning of the topography
of the sample. Scanning speed was optimized to 0.4 Hz, with
512 £ 512 acquisition points. Imaging data were analyzed with
the JPK image processing v. 5.1.8 (JPK Instruments, Germany).
The height, area and volume of each imaged cell were quanti-
fied using the SPIP software (Image Metrology, Hørsholm,
Denmark) v. 6.4.1. For each experimental condition approxi-
mately 7 high resolution AFM images were obtained in 4 differ-
ent culture dishes.

Nanoindentation experiments, for cell elasticity assessment,
were carried out on live cells, at 25�C, in serum free DMEM.
For these measurements we used non-functionalized OMCL
TR-400-type silicon nitride tips (Olympus, Japan). The softest
triangular cantilevers, with a tip radius of 15 nm and a resonant
frequency of 11 kHz, were used. The spring constants of the
tips were calibrated by the thermal fluctuation method, having
a nominal value of 0.02 N/m. For every contact between cell
and cantilever, the distance between the cantilever and the cell
was adjusted to maintain a maximum applied force of 200 pN
before retraction. Cell elasticity was measured on one point of
each cell adhered to the tissue culture dish (5 force-distance
curves per cell), and on approximately 100 cells at 4 different
cell dishes. Data collection for each force-distance cycle was
performed at 1.5 Hz, with a Z-displacement range of 4 mm.
Force curves were made at the center of the cell, on the top of
its nucleus. Data acquired on the nanoindentation experiments
(force curves) were analyzed to obtain the cells Young’s
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modulus (E), using JPK Image Processing v. 5.1.8, by the appli-
cation of the Hertzian model.38 The probe was modeled as a
quadratic pyramid, with a tip angle of 35� (half-angle to face)
and a Poisson ration of 0.50. Young’s modulus histograms were
constructed for each experimental condition studied. The ideal
histogram bin size was chosen in order to achieve the best fitted
Gaussian model peak length, yielding a selected binning size of
35 Pa. The maximum values of the Gaussian peaks represent
different statistical measure of the Young’s modulus of the cells.

Statistical analysis

Data are expressed as mean values of at least 3 independent
experiments § standard deviation (SD). Student’s two-tailored
t-tests were used to determine statistically significant differen-
ces (p < 0.05) between each condition analyzed and the respec-
tive untreated condition. In AFM measurements, statistical
significance was determined with pair-wise comparisons with
Student’s t-test to compare the cells datasets, using a 5% confi-
dence interval. Statistical analysis was carried out using the
Graphpad Prism software, v. 5.0.
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