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Abstract: Cancer metastasis involves the adhesion of cancer cells to the endothelium. This process can be medi-
ated by integrins which are surface receptors responsible for interactions with ECM proteins. Integrins β1 and αVβ3 
represent factors are involved in cancer progression and metastasis. Activation of integrins can be promoted by 
thiol-disulfide exchanges initiated by Protein Disulfide Isomerase (PDI). The purpose of this study was to prove the 
involvement of disulfide rearrangements in the molecules of integrins in the course of cancer cell adhesion and 
migration through the endothelium. We present the evidence which proves that highly metastatic MDA-MB-231 
breast cancer cell lines adhere to endothelial cells are more effective than non-invasive MCF-10A and MCF-7 cell 
lines and that the attachment of MDA-MB-231 to the endothelium can be attenuated either by the agents blocking 
free thiol groups (DTNB, cystamine or PCMBS) or by PDI inhibitors (Q3Rut, 16F16 or PACMA-31). Furthermore, we 
prove that the transendothelial migration of MDA-MB-231 cells and contraction of collagen can be blocked by thiol 
blockers or PDI inhibitors and that these factors affect exposition of free thiols on integrin molecules.
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Introduction

Metastasis is the leading cause of mortality 
among cancer patients. Invasiveness of circu-
lating tumor cells depends on their ability to 
attach to the vascular endothelium of different 
distant organs. Such interactions are support-
ed by cell membrane embedded adhesion mol-
ecules. Two major cell adhesion molecule fami-
lies, i.e. selectins and integrins, have been 
identified as crucial factors in cancer metasta-
sis [1, 2]. Integrins are glycoprotein receptors 
responsible for cells attachment to extracellular 
matrix (ECM) proteins: fibronectin, fibrinogen, 
vitronectin, laminins, collagens, plasminogen, 
osteopontin and von Willebrand factor [3]. 
Integrins dependent cell attachment to ECM 
proteins initiates activation of signalling pa- 
thways that regulate behaviour and motility of 
cells [4]. Among different integrin receptors, it 
is mainly the expressions of αVβ3, αVβ5, α5β1, 
α2β1 and α6β4 that are associated with me- 
tastatic progression in melanoma, breast ca- 
rcinoma, prostate, pancreatic and lung cancer 
[2]. In despite of the roles they play in contact 

with ECM proteins, integrins are also involved in 
the interactions between cancer cells and 
platelets, which is another important stage of 
the metastatic process [5]. 

The role of β1 integrin in cancer metastasis is 
not clear. There is evidence for α2β1-dependent 
suppression of metastasis in a mouse model of 
breast cancer [6]. We are also aware of the find-
ings suggesting that α2β1 may be crucial during 
cancer progression [7-9]. MDA-MB-23, i.e. hi- 
ghly metastatic breast cancer cells, express 
higher levels of α2β1 as compared to non-
invasive breast cancer cells MCF-7 [10, 11]. 
Moreover, α2β1 simulates the attachment of 
MDA-MB-231 to endothelial cells by promoting 
phosphorylation of VE-Cadherin and dissocia-
tion of β-catenin from the VE-Cadherin complex. 
This process is involved in cell-cell interaction 
and can be promoted by the H-Ras/Raf/MEK/
ERK signalling cascade. It has been suggested 
that the difference in integrin expression of 
α2β1 is one of numerous features responsible 
for the highly-metastatic character of MDA-
MB-231 [10].
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The invasive nature of MDA-MB-231 may also 
be related to the expression of αVβ3 integrin, 
which is very poorly expressed on MCF-7 [11]. 
αVβ3 integrin has been shown to be involved in 
the growth and invasiveness of pulmonary 
metastatic melanoma [12], breast cancer [13] 
and prostate cancer [14]. In MDA-MB-231 cells, 
αVβ3 plays an important role in cell adhesion 
and invasion to the HUVEC cells under low 
shear stress. Shear stress-dependent activa- 
tion of αVβ3 integrin leads to imitation of PI3K/
AKT signal, consequently resulting in the ov- 
erexpression of MMP-2, MMP-9 and VEGF. A 
similar effect may be observed in the presence 
of platelets activated by thrombin [15] or after 
LPS-induced TLR4 activation [16].

A potential role of thiol-disulfide exchange in 
integrin activation was demonstrated on αVβ3 
[17], αIIbβ3 [18] α11 [19] and β1 [20] receptors. 
Activation of these integrins can be triggered by 
modifications of extracellular disulfide bonds. 
This process is promoted by Protein Disulfide 
Isomerase (PDI) or by integrins themselves 
since some integrin receptors has an endo- 
genous thiol isomerase activity [54, 55]. PDI is 
a thiol oxidoreductase that catalyses the for- thiol oxidoreductase that catalyses the for-
mation, breakage or rearrangements of di- 
sulfide bonds and thus it is responsible for reg-
ulation of posttranscriptional protein folding in 
ER [21, 22]. Apart from its intracellular loca- 
lization, PDI can be found on the surface of 
several cell types, including endothelial cells 
[23], platelets [24, 25], leukocytes [26, 27], 
fibroblasts [19] and cancer cells [28]. Inhibition 
of PDI activity triggers the accumulation of 
misfolded proteins which results in ER stress 
and finally leads to cell death. These ob- 
servations encourage researchers to use PDI-
dependent ER stress in enforcing apoptosis of 
cancer cells [29]. Increased PDI levels have 
been observed in different cancers including 
ovarian [30], prostate [31] and lung cancer [32] 
as well as in lymphoma [33], glioma [34] and 
melanoma [35]. PDI knockdown can cause 
apoptosis in human breast cancer cells MCF-7 
[36] and PDI inhibitors, like PACMAs, are also 
known to interrupt the cell cycle progression in 
breast cancer cells. In vivo, PACMAs express a 
therapeutic potential in a mouse xenograft 
model of human breast cancer [37]. Another 
PDI inhibitor, i.e. bacitracin, has been used in 
chemotherapy as a factor increasing efficiency 
of pro-apoptotic drugs [29]. Moreover, admi- 

nistration of bacitracin in conjunction with che- 
motherapy can overcome the temozolomide 
resistance in malignant glioma [38].

In this study, three cancer cell lines: MCF-10A, 
MCF-7 and MDA-MB-231 were analysed. The 
MCF10A human breast epithelial cell line is the 
most commonly used normal breast cell model. 
MCF-10A cells were derived from benign pro- 
liferative breast tissue and spontaneously 
immortalized without defined factors. They  
are not tumorigenic and do not express the 
oestrogen receptor [39]. MCF-10A exhibit a 
basal-like phenotype and display a non-inva-
sive character, but share some features of mes-
enchymal cancer cell lines [40, 41]. MCF-7 is a 
hormone-dependent cell line, non-tumorigenic 
and non-invasive on Matrigel [41]. MDA-MB-231 
cells, initially isolated from a pleural effusion of 
breast adenocarcinoma are categorised as a 
very invasive and aggressive phenotype capa- 
ble of metastasizing in the lung [39, 42]. In this 
study, we explored the role of thiol-disulfide 
exchanges in breast cancer adhesion and mi- 
gration to the endothelium. The blocking effect 
of PDI inhibitors and free-thiol blockers on 
breast cancer adhesion and migration suggest 
that PDI or perhaps other thioredoxin-like di- 
sulphide isomerases are involved in breast 
cancer metastasis mediated by integrins.

Experimental procedures

Materials 

Horseradish conjugated secondary antibodies 
were purchased from Santa Cruz biotechnology 
(Santa Cruz, CA, USA), Alexa Fluor conjuga- 
ted antibodies, antibodies anti-β1 clone 12G10 
were purchased from Abcam (Cambridge, UK), 
chemiluminescence detection system was pur-
chased from Cyanagen (Bologna, BO, Italy), an- 
tibodies anti-PDI RL77, Pierce BCA Protein 
Assay Kit, Pierce IP Lysis Buffer, Pierce Con- 
trol Agarose, protein A/G-agarose, CellTracker 
Green CMFDA Dye, protease inhibitor cocktail 
and neutravidin-agarose were purchased from 
Thermo Scientific Pierce (Waltham, MA, USA), 
GSH, iodoacetamide, DTNB, MPB, cystamine, 
rutin hydrate (Q3Rut), 16F16, PACMA-31, NEM, 
TCEP were purchased from Sigma-Aldrich LTD 
(St. Louis, MO), vitronectin, antibodies anti-β1 
AB1952 and anti-β1 MAB1987, anti-αVβ3 clone 
LM609 and anti-αVβ3 clone CBL544 were pur-
chased from Merck Milipore (Billerica, MA, 
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USA); Bovine Collagen Solution PureCol was 
purchased from Advanced BioMatrix Inc. (San 
Diego, CA, USA); all standard tissue culture 
reagents, including DMEM, fetal bovine serum, 
trypsin/EDTA and others were purchased from 
GIBCO (Waltham, MA, USA). DMEM 2 × concen-
trated was purchased from Biological Industries 
USA (Cromwell, CT, USA), PCMBS was pur-
chased from Toronto Research Chemicals Inc. 
(Ontario, Canada). 

Cell cultures

MCF-10A cells were cultured using Dulbecco’s 
modified eagle’s medium/ham’s nutrient mix-
ture F-12 with the addition of 10% heat inacti-
vated fetal bovine serum (FBS), 1 ng/ml chol-
era toxin, 10 μg/ml human insulin, 10 ng/ml 
epidermal growth factor and 0.5 μg/ml hydro-
cortisone. MCF-7 and MDA-MB-231 cells were 
cultured using Dulbecco’s modified eagle’s 
medium with 10% FBS in a humidified 5% CO2 
atmosphere at 37°C. To make the complete 
growth medium for MCF-7 10 ng/ml human 
recombinant, insulin was added. EA.hy926 
cells were cultured using Dulbecco’s modified 
eagle’s medium with 10% FBS and HAT (100 
μM hypoxanthine, 0.4 μM aminopterin, 16 μM 
thymidine). HMEC-1 cells were cultured using 
MCDB131 with the addition of 10% FBS, 10 
ng/ml epidermal growth factor and 1 μg/ml 
hydrocortisone. After reaching an appropriate 
level of confluency, cells were harvested using 
PBS as a washing buffer and 0.05% trypsin-
EDTA solution as a detaching factor. Cells viabil- 
ity was determined microscopically by trypan 
blue exclusion.

Cell viability and proliferation assay using 
PrestoBlue

Proliferation assay with PrestoBlue was per-
formed according to the manufacturer’s proto-
col. Briefly, the cells were seeded at 1 × 104/
well in a 96-well plate and allowed to attach for 
3 hours. Subsequently, the medium was 
replaced with fresh DMEM/10% FBS containing 
tested reagents. After 24 hours of incubation at 
37°C and 5% CO2 in a humidified atmosphere, 
10 μl of the PrestoBlue reagent dissolved in a 
fresh medium was added directly to each well. 
An alternative version includes incubation with 
tested reagents dissolved in serum-free me- 
dium for 2 hours at 37°C to examine cytoto- 
xicity of the used compounds. The medium-

PrestoBlue mixture was incubated for 2 hours 
at 37°C and absorbance was measured at 
540-570/580-610 nm on a multifunctional 
plate reader Perkin Elmer Victor 3 microplate 
reader.

Adhesion assay

48-well plates were coated with collagen type I 
(10 μg/ml) or vitronectin (10 μg/ml) overnight 
at 4°C. After washing with TBS, plates were 
incubated with 1% BSA/TBS for 2 hours at 
37°C to block nonspecific binding sites. Cells 
were detached using trypsin/EDTA and trypsin 
was removed by washing with DMEM/10% FBS 
and serum-free DMEM. The cells were incu- 
bated in serum-free DMEM with different con- 
centrations of thiol group blockers: p-chloro- 
mercuribenzoic acid (PCMBS), cystamine dihy- 
drochloride (cystamine), dithionitrobenzoic acid 
(DTNB) and PDI inhibitors: quercetin-3-rutino- 
side (Q3Rut), 2-(2-Chloroacetyl)-2,3,4,9-tetra- 
hydro-1-methyl-1H-pyrido[3,4-b]indole-1-carbox- 
ylic acid methyl ester (16F16) and N-(2,4-
Dimethoxyphenyl)-N-(1-oxo-2-propyn-1-yl)-2-(2-
thienyl)glycyl-glycine ethyl ester (PACMA-31) for 
30 minutes at 37°C with 5% CO2. After incu- 
bation, the cells were transferred into plates at 
a count of 0.1 × 106 cells/well and incubated at 
37°C and 5% CO2 for 2 hours. Not-adherent 
cells were washed out using TBS and TBS/ 
0.05% Tween 20. Number of adherent cells was 
measured using Pierce BCA Protein Assay Kit 
(Thermo Scientific Pierce) according to the 
manufacturer’s instructions. The absorbance 
at 562 nm was measured using a Perkin Elmer 
Wallac 1420 Victor 2 microplate reader.

Scratch migration assay

12-well plates were coated with collagen type I 
(10 μg/ml) or vitronectin (10 μg/ml) overnight 
at 4°C. Cells were seeded on plates at the 
count of 1 × 105 cells/well and when the mono-
layer reaches 80-90% of confluency, cells were 
washed with PBS and starved in serum-free 
medium for 4 hours. After starving, cells were 
incubated with tested factors in serum-free 
DMEM for 30 minutes at 37°C and 5% CO2. 
After incubation, two separate scratches were 
made in every well using a sterile 200 ml 
pipette tip. The wells were gently washed with 
PBS in order to remove detached or damaged 
cells. After washing, the first photograph was 
taken, which corresponded to the control time 
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0 hour. Subsequent photographs were taken 
after 24 hours of migration in serum-free 
DMEM containing tested factors, which was the 
time corresponding to near 100% of scratch 
area overgrown. The pictures were taken using 
an inverted Olympus CKX41 microscope com- 
bined with an Olympus C3040 camera. De- 
creasing scratch area was measured using the 
National Institutes of Health (NIH) ImageJ pro- 
gram with MiToBo plugin. 

Cell-cell adhesion assay

HMEC-1 and EAhy.926 cells were seeded on a 
24-well plate at a count of 5 × 105 cells/ml and 
incubated until reaching a confluent monolayer. 
MCF-10A, MCF-7 and MDA-MB-231 cells after 
overnight starving in serum-free medium were 
washed using PBS and detached using trypsin/
EDTA. Trypsin was removed by multiple washing 
with DMEM/10% FBS and serum-free DMEM. 
Cells were stained in serum-free DMEM using 
CellTracker Green CMFDA Dye for 30 minutes 
at 37°C and 5% CO2. CellTracker was removed 
by washing with DMEM/10% FBS and cen- 
trifugation. The stained cells were incubated in 
serum-free DMEM supplemented with the 
tested inhibitors for 30 minutes at 37°C. After 
incubation cells were transferred into plates at 
a count of 2 × 105 cells/well and allowed to ad- 
here to the endothelium for 2 hours. Not-
adherent cells were washed out using warm 
PBS. Adherent cells were dissolved in 2% SDS 
and the absorbance at 492/517 nm was mea-the absorbance at 492/517 nm was mea-
sured using a Perkin Elmer Wallac 1420 Victor 
2 microplate reader. Alternative version inclu- 
des cells adhesion in the presence of blocking 
anti-integrins antibodies: anti-β1 (clone HUTS-
4) or anti-αVβ3 (clone LM609) at the final con- 
centration 1:50.

Transwell migration assay

The upper chamber of a transwell system con-
taining the polycarbonate membrane (diameter 
6.5 mm, thickness 10 mm, pore diameter 8 
mm) was coated with gelatin (0.1% w/v) over-
night at 4°C. The chamber was transferred into 
the 24-well plate filled with DMEM/10% FBS. 
MCF-10A, MCF-7 and MDA-MB-231 cells were 
starved for 24 hours, detached using trypsin/
EDTA and resuspended in serum-free DMEM. 
The cells were incubated with the appropriate 
inhibitors for 30 minutes and with the addition 
of 5 mg/ml LPS were transferred into the upper 
chamber of the transwell at the final count of 1 

× 105 cells/well. The cells were allowed to mi- 
grate through the polycarbonate membrane for 
24 hours at 37°C and 5% CO2. After the removal 
of not-migrated cells with a sterile cotton swab, 
the cells were washed with PBS, fixed with ice-
cold methanol (95% methanol in PBS) for 10 
minutes at 4°C and stained using crystal violet. 
The membrane with the stained cells was 
viewed under the inverted Olympus CKX41 mi- 
croscope combined with an Olympus C3040 
camera and the cells from ten randomly se- 
lected pictures were counted.

Transendothelial migration assay

A transwell system, similar to the one previous-
ly described, was prepared. HMEC-1 cells were 
seeded on gelatine-coated chamber at the final 
count of 5 × 105 cells/ml and incubated for 24 
hours until reaching a confluent monolayer. 
EAhy.926 were seeded at a count of 5 × 105 

cells/ml and incubated for 8 hours until reach-
ing a confluent monolayer. The chamber was 
transferred into the 24-well plate filled with 1:1 
mixture of DMEM/10% FBS and serum-free 
DMEM from human skin fibroblasts hTERT BJ 
stimulated with 50 mg/L ascorbate for 24 
hours, as a source of chemoattractants. MDA-
MB-231 cells were starved for 24 hours, de- 
tached using trypsin/EDTA and resuspended  
in serum-free DMEM. After staining with Ce- 
llTracker Green CMFDA Dye MDA-MB-231 cells 
with the addition of 5 mg/ml LPS and the 
appropriate inhibitors, were transferred into the 
upper chamber of the transwell at the final 
count of 1 × 105 cells/well. The cells were 
allowed to migrate through the polycarbonate 
membrane for 24 hr at 37°C and 5% CO2. After 
the removal of non-migrated cells with a sterile 
cotton swab, the cells were washed with PBS 
and fixed with ice-cold methanol. The cells 
stained with CellTracker Green CMFDA Dye 
were viewed under the microscope and the 
cells from ten randomly selected pictures were 
counted. Alternative version includes cell mi- 
gration in the presence of blocking anti-in- 
tegrins antibodies: anti-β1 (clone HUTS-4) or 
anti-αVβ3 (clone LM609) at the final concen- 
tration 1:50.

Collagen gel contraction

24-well plates were coated with 2% BSA over-
night at 37°C. Collagen gels composed of 2 × 
concentrated DMEM, 3.2 mg/ml collagen type 
I, glutamine, antibiotics and 0.1 M NaOH were 
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mixed on ice. The cells, after detaching with 
trypsin/EDTA and washing with DMEM/10% 
FBS, were added to the collagen gel and 
allowed to polymerize for 2 hours at 37°C and 
5% CO2. The collagen-cell mix was detached 
from the wells with serum-free DMEM and 
transferred to a culture dish with a diameter of 
8.8 cm2 filled with DMEM containing 2% FBS. 
Collagen gels were incubated with tested 
factors and pictures were taken respectively 
after 2, 6, 12, 24, 48 and 72 hours using a 
Samsung ES25 digital camera. The decreasing 
gel area was measured using the National 
Institutes of Health (NIH) ImageJ program. 
Since collagen gel contraction depends on the 
presence of fibronectin in the environment,  
gel contraction stops after 24 hours without 
changing the medium. Therefore, the time point 
at 24 hours was taken as an optimal time point 
of measurement.

Immunostaining

MCF-10A, MCF-7 and MDA-MB-231 cells ad- 
here to EA.hy926 cells like described in the 
cell-cell adhesion assay. After 2 hours of adhe-
sion, cells were fixed with 1% methanol-free 
paraformaldehyde (PFA) for 10 minutes at RT. 
After fixing, the cells were washed with a PHEM 
buffer (60 mM PIPES, pH 6.9, 25 mM HEPES, 
10 mM EGTA, 4 mM MgCl2) and blocked using 
3% BSA/PHEM for 1 hour at RT. Subsequently, 
the cells were incubated overnight at 4°C with 
primary antibodies diluted in 3% BSA/PHEM. 
Finally, the cells were washed three times with 
PHEM buffer, stained for 1 hr at RT with re- 
spective secondary antibodies prepared in 3% 
BSA/PHEM and again washed three times with 
PHEM buffer. The tested antibodies included 
antibodies for the active form of integrin β1 
(clone 12G10 and HUTS-4) and for the inactive 
form of β1 (clone P4C10), as well the active form 
of integrin αVβ3 (clone LM609) and the inactive 
form of αVβ3 (clone CBL544). All photographs 
were taken using Fluorescent Cell Imager ZOE 
(Bio-Rad).

Sulfhydryl group labelling

Labelling of sulfhydryl groups was performed 
using the membrane impermeable maleimi- 
de reagent N-(3-Maleimidopropionyl) biocytin 
MPB. The cells were washed with PBS and 
labelled with 100 mM MPB for 30 minutes at 
37°C with gentle mixing. The labelling reaction 
was quenched by adding of 200 mM GSH for 

15 minutes and after replacing to a fresh medi-
um by incubation with 200 mM iodoacetamide 
for 10 minutes. All the labelling steps were per-
formed in a serum-free medium to strictly main-
tain a neutral pH, being aware that a different 
pH can influence free thiols labelling. After 
washing with PBS to remove MPB and iodo-
acetamide, the cells were lysed using a lysis/
wash buffer (Thermo Scientific Pierce) supple-
mented with protease inhibitors cocktail (Ther- 
mo Scientific Pierce) for 10 minutes on ice. The 
cell debris was removed after centrifugation at 
14000 × g for 15 minutes at 4°C. Proteins 
labelled with MPB were precipitated using a 
high capacity Neutretavidin-Agarose resin over-
night at 4°C with gentle mixing/shaking. After 
washing the resin with ice-cold PBS and lysis 
buffer, the labelled proteins were detached 
from the resin by reducing agent β-mercapto- 
ethanol and boiling the samples at 95°C for 
5-10 minutes. The detached proteins were sep-
arated using 8% or 10% SDS-PAGE and trans-
ferred to a nitrocellulose membrane. The bioti-
nylated proteins were visualised using avidin-
horseradish peroxidase with a chemilumine- 
scent substrate or using specific antibodies. 
Alternative version of labelling include pre-
incubation with free thiol blockers and PDI 
inhibitors to examine the role of tested subjects 
on free thiols exposition on surface proteins.

Statistical analysis

Data is presented as a mean + SD or median 
and IQR (interquartile range: from lower [25%] 
to upper quartile [75%]), depending on data dis-
tribution (the Shapiro-Wilk test). Heterosceda- 
sticity was verified based on the Brown-Fo- 
rsythe test. For some variables departing from 
normal distribution, we subjected the data to 
Box-Cox transformation for further analyses. 
The analysis of outliers was performed with the 
use Grubb’s and Tukey’s tests. The conventional 
or bootstrap-boosted student’s t-test, Mann-
Whitney U-test or one- or two-way ANOVA were 
used as the inference tests, according to as- 
sumptions of data normality and homosce- 
dasticity. Due to the relatively small sample 
sizes and the low statistical power of the 
estimated inferences in some calculations, the 
resampling bootstrap technique (1000-10000 
iterations) was used to make sure that the 
revealed differences were not observed due to 
pure chance. In such circumstances, we re- 
fer to the bootstrap-boosted test statistics in- 
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stead of the classical approach. The following 
software was used for the statistical analy- 
ses: Statistica v.13.1 (Statsoft), StatsDirect 
v.3.0.182, Resampling Stats Add-in for Excel 
v.4, GraphPad Prism v.5.

Results

Cell viability and proliferation assay using 
PrestoBlue

Blocking effect of PDI inhibitors and thiol block-
ers on cells proliferation was measured in the 
course of 24-hour incubation (Figure 1A). A po- 
tential cytotoxic effect was estimated after 2 

hours (Figure 1B), which corresponds to short-
time assays like adhesion to ECM matrix or cell-
cell adhesion. None of the analysed thiol block-
ers or PDI inhibitors displays any significant 
cytotoxic effect on MCF-10A, MCF-7 and MDA-
MB-231 cells after short-time incubation. Of all 
the tested factors, only PCMBS at the con- 
centration of 100 μM inhibits the proliferation 
of MCF-10A cells. Proliferation of the MCF-7 cell 
line can be inhibited by PCMBS or PDI inhibitor 
PACMA-31 (Figure 1A). PACMA-31 at the 
concentration of 5 μM displays a significant 
anti-proliferating effect also on MDA-MB-231 
(Figure 1B). The anti-proliferating effect of 

Figure 1. Anti-proliferative and cytotoxic effects of various PDI inhibitors and free thiol blockers on three cell lines, 
MCF-7, MCF-10A and MDA-MB-231. Data presented as mean + SD; mini-max ranges marked as whiskers; n=6. 
Long-time cytotoxicity (A) was tested following 24-hour incubation. Short-time cytotoxicity (B) was tested following 
2-hour incubation. Anti-proliferative and cytotoxic effects of the increasing concentrations of PACMA31 (C) were 
tested following 2-hour or 24-hour incubation. Total number of living cells was estimated using PrestoBlue assay. 
Significance of differences were calculated by using one-way ANOVA and the post-hoc multiple comparisons Tukey’ 
test. Planned comparisons were verified the bootstrap-boosted unpaired student’s t test (10000 iterations) with the 
Bonferroni’s correction for multiple comparisons.
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PACMA-31 on MDA-MB-231 seems to be in- 
dependent of the used concentrations, since 
the doses within the range of 1 μM and 10 μM 
display similar effects (Figure 1C). However, the 
cytotoxic effect of PACMA-31 on MDA-MB-231 
increases dramatically when the concentration 
exceeds 10 μM (IC50=10 μM). Complete analy- 
sis of anti-proliferating and cytotoxic effect of 
tested subjects in different concentrations is 
included in supplementary data (Supplementary 
Figure 1).

Adhesion assay

Adhesion of MCF-10A, MCF-7 and MDA-MB-231 
cells to ECM proteins was used to examine the 
role of thiol-disulfide exchanges in cell attach-
ment mediated by integrin receptors. Figure 2A 
shows that incubation with free thiol blockers 
and PDI inhibitors diminishes integrin β1-me- 
diated adhesion to collagen type I as well as 
αVβ3-mediated adhesion to vitronectin of MCF-
10A cells. Only DTNB displays no significant 
inhibitory effect on MCF-10A adhesion to vitro-
nectin. Figure 2B shows that the MCF-7 adhe-
sion, similarly to MCF-10A adhesion, can be 
attenuated by PDI inhibitors and thiol blockers, 
but the attachment of MCF-7 to ECM is less 
effective as compared to MCF-10A. Figure 2C 
presents blocking effect of cystamine and 
PCMBS, as well as Q3Rut and PACMA-31 on 
MDA-MB-231 adhesion to collagen. 16F16 de- 
spite attenuating the adhesion process di- 
splays no significant effect on MDA-MB-231 
adhesion to collagen and DTNB exhibits no 
blocking effect on both: adhesion to collagen 
and adhesion to vitronectin. Solvents, like 
DMSO and ethanol demonstrate no significant 
effect on cell adhesion at tested concentrations 
(Supplementary Figure 2).

Scratch migration assay

In the scratch migration assay, also referred  
to as the “wound healing” assay, cells were al- 
lowed to migrate on plates coated with ECM 
proteins: Collagen type I and vitronectin. Figure 
3A shows that all the tested agents display an 
inhibitory effect on MCF-10A migration on ECM 
proteins but only PCMBS and PACMA-31 exhibit 
a statistically significant effect. Likewise, the 
migration of MCF-7 can be attenuated by the 
tested factors. However, only PCMBS and 
PACMA-31 display a significant blocking effect 
(Figure 3B). Figure 3C presents the results on 

blocking the migration of MDA-MB-231 cells. 
As in the case of adhesion, the migration of 
MDA-MB-231 is much more effective than the 
migration of non-invasive cells MCF-10A and 
MCF-7. The migration of MDA-MB-231 on colla-
gen type I can be significantly blocked by cysta-
mine, PCMBS and PACMA-31, whereas the 
migration on vitronectin can be additionally 
blocked by Q3Rut. Solvents, like DMSO and 
ethanol at tested concentration display no sig-
nificant effect on cells adhesion (Supplementary 
Figure 3).

Cell-cell adhesion assay

MCF-10A, MCF-7 and MDA-MB-231 after stain-
ing with CellTracker Green CMFDA Dye were 
allowed to adhere to two different endothelial 
cell lines: HMEC-1 and EA.hy926. It is impor-
tant to mention that all the tested cell lines 
adhere to HMEC-1 endothelial cells with higher 
efficiency than to EA.hy926. Only DTNB exhibits 
no significant blocking effect on MCF-10A adhe-
sion to endothelial cell lines (Figure 4A). MCF-7 
more effectively adheres to the endothelium 
than MCF-10A (Figure 4B). The interaction 
between MCF-7 and HMEC-1 can be blocked by 
cystamine, PCMBS and PACMA-31, whereas 
the adhesion of MCF-7 to EA.hy926 is affected 
additionally by Q3Rut. MDA-MB-231 cells ad- 
here to the endothelium more effectively than 
non-invasive cells and, as the only cell line, 
MDA-MB-231 cells adapts a typical long shape 
after adhesion to the endothelium layer (Figure 
4C). All the tested factors block the adhesion of 
MDA-MB-231 to the endothelium with the 
strongest inhibitory effect observed after incu-
bation with cystamine or PCMBS. Solvents, like 
DMSO and ethanol at tested concentration dis-
play no significant effect on cells migration 
(Supplementary Figure 4).

Transwell migration assay

A transwell system is often employed to exam-
ine cell invasiveness. Figure 5A shows that 
non-invasive MCF-10A and MCF-7 cells, even 
after LPS stimulation, very poorly migrate th- 
rough a transwell chamber coated with gela-
tine, which significantly limits the possibilities 
of investigation of the role of thiol-disulfide 
modifications on MCF-10A and MCF-7 migra-
tion. LPS-stimulated migration of invasive cells 
MDA-MB-231 can be attenuated by all the test-
ed free thiol blockers as well as PDI inhibitors 
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Figure 2. Adhesion of MCF-10A (A), MCF-7 (B) and MDA-MB-231 (C) Cells to collagen type I and vitronectin in the presence of PDI inhibitors and free thiol blockers. 
Data presented as mean + SD; mini-max ranges marked as whiskers; n=6. Total numbers of adherent cells were estimated with BCA Protein Assay. Significance of 
differences was analysed with one-way ANOVA and the post-hoc multiple comparisons Tukey’s test and planned comparisons were verified the bootstrap-boosted 
unpaired student’s t test (10000 iterations) with the Bonferroni’s correction for multiple comparisons.
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Figure 3. Migration of MCF-10A (A), MCF-7 (B) and MDA-MB-231 (C) Cells to collagen type I and vitronectin in the presence of PDI inhibitors and free thiol blockers. 
Data presented as mean + SD; mini-max ranges marked as whiskers; n=6. Pictures of overgrowing scratches were taken following 24-hour incubation with the 
tested inhibitors/blockers using an inverted light microscopy. Significance of differences was analysed with one-way ANOVA and the post-hoc multiple comparisons 
Tukey’s test and planned comparisons were verified the bootstrap-boosted unpaired student’s t test (10000 iterations) with the Bonferroni’s correction for multiple 
comparisons.
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Figure 4. Adhesion of MCF-10A (A), MCF-7 (B) and MDA-MB-231 (C) Cells to endothelial cells HMEC-1 and EA.hy926 
in the presence of PDI inhibitors and free thiol blockers. Data presented as mean + SD; mini-max ranges marked 
as whiskers; n=10. Total numbers of adherent cells were estimated with a multifunctional plate reader. Significance 
of differences was analysed with one-way ANOVA and the post-hoc multiple comparisons Tukey’s test and planned 
comparisons were verified the bootstrap-boosted unpaired student’s t test (10000 iterations) with the Bonferroni’s 
correction for multiple comparisons.

Figure 5. Migration of MCF-10A, MCF-7 and MDA-MB-231 cells 
through the gelatin-coated transwell chamber. Data presented 
as mean + SD; mini-max ranges marked as whiskers; n=5. MCF-
10A, MCF-7 (A) and MDA-MB-231 cells (B) Were incubated with 
PDI inhibitors and free thiol blockers following their prior stimula-
tion with 5 mg/ml LPS and allowed to migrate through the gela-
tine-coated chamber for 24 hr. Significance of differences was 
analysed with one-way ANOVA and the post-hoc multiple com-
parisons Tukey’s test and planned comparisons were verified the 
bootstrap-boosted unpaired student’s t test (10000 iterations) 
with the Bonferroni’s correction for multiple comparisons.
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(Figure 5B). Solvents, like DMSO and ethanol 
demonstrate no significant effect on cell migra-
tion (Supplementary Figure 5). 

Transendothelial migration assay

Similarly to the transwell migration, non-inva-
sive MCF-7 and MCF-10A are unable to migrate 
through the endothelium monolayer. Transen- 
dothelial migration of invasive MDA-MB-231 
through HMEC-1 (Figure 6A) or through EA.
hy926 (Figure 6B) can be attenuated by the 
incubation with thiol blockers or with PDI inhibi-
tors. Despite a lower efficiency of migration 
through the endothelium as compared to the 
migration through gelatine itself, the tested fac-
tors blocking effects are comparable. The high-
est blocking efficiency, regardless of the type of 
endothelial cell line used for the experiment, is 
displayed by using PCMBS and the lowest after 
incubation with DTNB or 16F16. Solvents, like 
DMSO and ethanol demonstrate no significant 
effect on cell migration (Supplementary Figure 
5).

Collagen gel contraction

Figure 7A presents the differences in collagen 
contraction promoted by different cell lines. 
MCF-10A cells are unable to initiate collagen 
contraction, whereas MDA-MB-231 cells exhibit 
higher collagen contraction properties than 
non-invasive MCF-7 cells. Cystamine and Q3Rut 
inhibit collagen contraction initiated by MCF-7 
cells only at the point of 12 hr and their block-
ing effects diminish with time (Figure 7B) mean-
while DTNB, PCMBS, 16F16 and PACMA-31 
inhibit MCF-7-dependent collagen contraction 
at all tested time points. MDA-MB-231-me- 
diated collagen contraction can be blocked by 
cystamine, PCMBS, 16F16 and PACMA-31 with 
only slightly inhibitory effect observed after 
incubation with Q3Rut. Solvents, like DMSO 
and ethanol demonstrate no significant effect 
on collagen contraction (Supplementary Figure 
6).

Immunostaining

Figure 8A shows that after during MCF-10A 
adhesion to endothelium most of integrin β1 
molecules on Eahy.926 cells remains in inacti-
vated form (antibodies anti-β1 clone P4C10), 
when integrin β1 on MCF-10 became activated 
(antibodies anti-β1 clone 12G10 and antibodies 

anti-β1 clone HUTS-4). In contrast integrin αVβ3 
on endothelial cells can be found both active 
(antibodies anti-αVβ3 clone LM609) or inacti- 
ve state (antibodies anti-αVβ3 clone CBL544), 
whereas αVβ3 on MCF-10A remains mostly in 
inactive form. Since MCF-7 cells displays very 
low level of both β1 and αVβ3, neither active nor 
inactive form of integrins can be observed on 
MCF-7 surface during adhesion to endothelium 
monolayer (Figure 8B). In response to MDA-
MB-231 adhesion to endothelium integrin β1 on 
cancer cells became activated (antibodies 
clone 12G10 and clone HUTS-4) and integ- 
rin αVβ3 stays mostly in inactive form (clone 
CBL544), meanwhile αVβ3 on endothelial cells 
can be found in active form (clone LM609) 
(Figure 8C). 

Western blot and labelling of free thiol groups

Figure 9A presents the differences in protein 
expression of integrin β1, integrin β3 and PDI. 
MDA-MB-231 exhibits high levels of integrin  
β1 and integrin β3 as compared to MCF-10A. 
MCF-7 may be characterized by a very poor 
expression of the two tested integrins. Figure 
9B shows the presence of surface proteins 
containing free thiols on all of the tested cell 
lines. Not-labelled EA.hy926 lysate was used 
as a negative control of MPB-labelling and avi-
din-HRP blotting. Based on Western blot analy-
sis, it is possible to evaluate the prevalence of 
thiol-containing proteins, however, signals from 
different proteins with a similar molecular mass 
may overlap. To give an insight into the thiols 
pattern on specific proteins, MPB-labelled ly- 
sates were precipitated with neutravidin-aga- 
rose resin which binds only labelled proteins 
through avidin-biotin interaction. Figure 9C 
demonstrates the presence of free-thiol con- 
taining integrin β1 and β3 subunits on the sur-
face of MCF-10A and MDA-MB-231, but MDA-
MB-231 exhibits a higher number of free-thiol 
containing β3 molecules. PDI molecules labell- 
ed with MPB can be found on the surface of all 
the tested cell lines with a higher exposition on 
the surface of MCF-7.

Blocking of free thiols on integrin molecules

Using free thiol blockers and PDI inhibitors  
during MDA-MB-231 adhesion to integrin li- 
gands leads to diminished exposition of thiol 
groups on integrin β1 and integrin β3 (Figure 
10). Effectiveness of tested agents in blocking 
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Figure 6. Transendothelial migration of MDA-MB-231 cells 
through the transwell chamber coated with gelatine and 
endothelial cells. Data presented as mean + SD or me-
dian and interquartile range; mini-max ranges marked as 
whiskers; n=6. MDA-MB-231 cells were incubated with 
PDI inhibitors and free thiol blockers following their prior 
stimulation with 5 mg/ml LPS and allowed to migrate 
through the transwell chamber coated with a gelatine and 
the monolayer of either HMEC-1 or EA.hy926 endothelial 
cells. Significance of differences was analysed with one-
way ANOVA and the post-hoc multiple comparisons Tukey’s 
test and planned comparisons were verified the bootstrap-
boosted unpaired student’s t test (10000 iterations) with 
the Bonferroni’s correction for multiple comparisons.
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Figure 7. Effects of PDI inhibitors and free thiol blockers on the collagen gel contraction by MCF-10A, MCF-7 and MDA-MB-231 cells. Data presented as mean + SD, 
mini-max ranges marked as whiskers; n=12. NIE SEM! Collagen floating gels supplemented with the MCF-10A, MCF-7 and MDA-MB-231 cells in the NaOH-buffered 
medium containing DMEM, collagen type I, glutamine and antibiotics, were allowed to pomymerize (A) Two hours after polymerization gels were supplemented with 
PDI inhibitors and free thiol blockers, pictured and incubated for up to 72 hr (B) Significance of differences was analysed with one-way ANOVA and the post-hoc 
multiple comparisons Tukey’s test and planned comparisons were verified the bootstrap-boosted unpaired student’s t test (10000 iterations) with the Bonferroni’s 
correction for multiple comparisons.
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Figure 8. Fluorescent microscopic images of of MCF-10A, MCF-7 and MDA-MB-231 cells adhering to EA.926 endothelial cells. MCF-10A (A), MCF-7 (B) and MDA-
MB-231 cells (C) Adhering to endothelial EA.hy926 cells were fixed and immunostained with specific antibodies for inactive (clone P4C10) or active (clone 12G10, 
HUTS-4) form of integrin β1 and inactive (cloneCBL544) or active (clone LM609) form of integrin αVβ3. Immunostaining with secondary antibodies conjugated with 
Alexa Fluor served as a negative controls. All images were taken by using ZOE Fluorescent Cell Imager (Bio-Rad, magnification 700 ×).
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Figure 9. Contents of integrins and PDI proteins, overall content of free thiol groups and free thiol groups in specific integrins and PDI protein in MCF-10A, MCF-7 
and MDA-MB-231 cells. Data presented as mean + SD; mini-max ranges marked as whiskers; n=10. A. Western blot analysis of integrin β1, integrin β3 and PDI 
protein in different cell lines. B. Free thiol groups in different cell lines. C. Free thiol groups in the molecules of integrin β1, integrin β3 and PDI protein. Precipitation 
of non-labelled lysate and immunoblotting with β-actin were used as a negative control of MPB labelling and precipitation. Significance of differences was analysed 
with one-way ANOVA and the post-hoc multiple comparisons Tukey’s test and planned comparisons were verified the bootstrap-boosted unpaired student’s t test 
(10000 iterations) with the Bonferroni’s correction for multiple comparisons.

Figure 10. Exposure of free thiols on integrin receptors and PDI molecules of MDA-MB-231 cells after incubation with free thiol blockers and PDI inhibitors. Immu-
noblotting of non-precipitated lysate with β-actin was used as a negative control of MPB labelling and precipitation. Data presented as mean + SD or median and 
interquartile range; mini-max ranges marked as whiskers, n=5.
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free thiol exposition may be correlated with 
effectiveness in blocking the adhesion itself sin- 
ce i.e. cystamine and PCMBS are very potent 
blockers of free thiols on integrins, meanwhile 
DTNB that exhibits no blocking effect on adhe-
sion to collagen or vitronectin shows the weak- vitronectin shows the weak-
est effectiveness in blocking free thiol exposi-
tion on integrins molecules. Also 16F16 seems 
to be ineffective in blocking free thiols on integ-
rins, which corresponds with other experi-
ments, where 16F16 was the weakest of all 
tested PDI inhibitors. Q3Rut that exhibits very 
low blocking effect on free thiols exposition on 
surface PDI molecules effectively blocks free 
thiols on integrins molecules, which may sug-
gest that blocking the ligand binding pocket on 
PDI by Q3Rut does not affect free thiols exposi-
tion on PDI but as results blocks integrin activa-
tion via thiol-disulfide exchanges dependent on 
PDI binding to integrins. Western blot analysis 
of proteins not precipitated by neutravidin-aga-
rose resin serves as an indicator of equal am- 
ount of protein content in examined samples.

Using blocking antibodies for integrin β1 and 
integrin αVβ3 during cell-cell adhesion (Figure 
11A) and migration through endothelial mono-
layer (Figure 11B) proves that inactivation of 
integrin receptors leads to inhibition of cells 
movement. Adhesion of MDA-MB-231 cells to 
endothelium seems to be dependent merely on 
β1 activation since anti-αVβ3 antibodies desbite 
atenuation of cancer cells attachment, does 
not block cell-cell interaction in statistically sig-
nificant matter. Meanwhile migration of cancer 
cells through endothelium layer can be blocked 
by both: anti-β1 or anti-αVβ3 antibodies irrespec-
tive of type of endothelial cells.

Discussion

The interaction of tumour cells with the endo-
thelium is an important step in the metastatic 
process. Metastasis is especially dangerous for 
breast cancer patients. Only 12% of patients in 
Stage I/II of breast cancer dies during the first 
10 years following the diagnosis, whereas, 60% 
of Stage III patients, with invaded nearby lymph 
nodes, and over 90% of Stage IV patients, with 
invaded distant organs, die within 10 years fol-
lowing the diagnosis [43]. 

Integrin receptors involved in breast cancer cell 
invasiveness include β1 and β3 [10, 11, 15, 16, 
44]. Thiol-disulfide exchanges are important for 

integrin activation, which was illustrated by 
experiments involving the substitution of a 
serine residue at a site of one or both of the 
cysteine residues that form the initial disulfide 
bond. Substitution of a serine may lead to four 
different results: 1) It may have no effect on 
integrin activity, 2) It may lead to reduced 
expression of integrin molecules on the cell 
surface 3) It may maintain integrin receptor in 
an inactive state or 4) it may initiate a con- 
stitutively active state of integrin [56, 57]. Since 
activation of β1 and β3 integrins can be pro- 
moted by modifications of extracellular disulfide 
bonds on integrin extracellular domains [17-
19], blocking of integrin-mediated adhesion 
and migration of cancer cells through the en- 
dothelium by factors inhibiting thiol-disulfide 
exchanges, seems to be a logical suggestion 
for improving chemotherapy.

We provide evidence which supports the study 
showing that cancer MCF-7 cell line exhibits low 
level of integrin β1 and β3 expression, which 
may explain its low efficiency in adhesion and 
migration on integrin ligands. On the other 
hand, MDA-MB-231, highly metastatic breast 
cancer cells express high level of β1 and β3, 
which corresponds to high efficiency of ad- 
hesion and migration on collagen type I and 
vitronectin. Other researchers suggest that β1 
is necessary for cancer-endothelium interaction 
and lack of β1 expression is the cause of MCF-7 
non-invasive character [10, 11]. We agree with 
this assumption but integrin expression cannot 
be the only factor responsible for effectiveness 
of cancer cell migration and adhesion since 
both cell lines expressing β1 and β3, i.e. non-
invasive MCF-10A and highly invasive MDA-
MB-231, adhere and migrate with different 
effectiveness. If we agree with scientific reports 
about MCF-10A sharing features of mesenchy- sharing features of mesenchy-
mal cancer cell lines, we have to assume that 
the total level of integrin expression seems to 
be an important though not the decisive factor 
for cancer cells adhesion and migration on inte-
grin ligands, since MDA-MB-231 cells adhere 
and migrate with high efficiency as compared 
to MCF-10A despite similar level of integrins 
expression.

LPS-induced upregulation of αVβ3 promotes 
αVβ3-mediated adhesion and invasiveness of 
metastatic breast cancer [16]. However, in our 
study we do not find the active form of integrin 
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αVβ3 present on cancer cell surface during 
adhesion to the endothelial monolayer. The 
active form of αVβ3 was rather found on en- 
dothelial cells, which suggests that during 
interaction between cancer cells and the en- 
dothelium, activation of αVβ3 may occur not 
only on cancer cells but rather on both type of 
cells. We demonstrate that during adhesion of 
MDA-MB-231 to endothelial cells, the active 
form of integrin β1 is present mainly on cancer 
cells meanwhile on endothelial cells β1 remains 
in inactive form. This observation stays in 
agreement with scientific reports suggesting 
that β1 is one of numerous features responsible 
for the highly-metastatic character of MDA-
MB-231 and low level of β1 expression is the 
cause of MCF-7 non-invasive character [10, 
11]. Activation of β1 may lead to β1-dependent 
phosphorylation and dissociation of β-catenin 
from the VE-cadherin complex, which occurs 
during an interaction between cancer cells and 
endothelial cells [10]. Based on that obse- 
rvation, we hypothesize that activation of β1 
integrin on cancer cells is necessary for the 
first steps of cancer cells migration through the 
endothelium which involves adhesion of cancer 
cells to endothelial cells. Then the following 
steps may be mediated by the activated integrin 
αVβ3 since overexpression of αVβ3 correlates 
with the invasive character of cancer cells [12-
14]. Blocking of MDA-MB-231 adhesion and 
migration through endothelium by anti-β1 an- 
tibodies and blocking only migration step by 
anti-αVβ3 antibodies without significant effect 
on adhesion itself, seems to confirm this as- 
sumption.

We prove that the mechanism mediated by β1 
and β3 like adhesion and migration to integrin 

ligands can be attenuated by factors blocking 
free thiol groups, thus blocking thiol-disulfide 
exchanges inside and between proteins. The 
most potent agent blocking cell adhesion to 
integrin ligands is PCMBS which, according to 
its molecular mass and electric charge, cannot 
be transported through the cellular membrane 
and blocks only surface thiols. Since other 
tested thiol blockers, like DTNB and cystamine, 
are membrane-permeable, we may assume 
that blocking surface proteins is essential for 
inhibiting adhesion of cancer cells to ECM 
proteins. The inhibitory effects of thiol blockers 
may be caused by: 1) Blocking free thiols on 
PDI molecules or other thiol isomerases, which 
are used for reduction of disulfide bonds in 
integrins, 2) Blocking freshly introduced free 
thiols on integrin molecules, since the active 
state of integrin may be related not to the 
disruption of disulfide bonds sensu stricte but 
with the exposition of free thiol group in specific 
position of aminoacid chain [56, 57].

Other factors employed in our study include  
PDI inhibitors: 16F16, PACMA-31 and Q3Rut. 
16F16 is a small molecule suppressor of po- 
lyglutamine-induced apoptosis with two PDI 
isoforms as specific targets. PACMA-31, which 
similarly to 16F16 is irreversible but more 
specific, covalently binds to active site cysteines 
of PDI and shows promising effects in therapy 
of ovarian cancer [45-48]. In our study we 
demonstrate that PDI inhibitor PACMA-31 di- 
splays tendencies to inhibit proliferation of 
breast cancer MCF-7 and MDA-MB-231 cells. 
The anti-proliferating activity of PACMA-31 in- 
creases when the concentration exceeds 10 
μM, which corresponds to the results obtained 
by the discoverers of PACMA-31 suggesting 

Figure 11. Adhesion (A) and migration (B) of MDA-MB-231 cells to endothelial cells HMEC-1 and EA.hy926 in the 
presence of anti-β1 (clone HUTS-4) or anti-αVβ3 (clone LM609) blocking antibodies used at concentration 1:50. Data 
presented as mean + SD or median and interquartile range; mini-max ranges marked as whiskers; n=3.
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that PACMA-31 can be cytotoxic for human 
breast cancer cells even at micromolar con- 
centrations [36] without any significant impact 
on normal cells [36, 45].

Q3Rut was chosen due to its therapeutic im- 
plications in thrombotic disease and a lack of a 
negative influence on the human organism [25, 
49]. Q3Rut is also one of the most specific PDI 
inhibitors among all the rutin derivatives and in 
contrast to 16F16 and PACMA-31 it cannot be 
transported through the cellular membrane 
[28]. Q3Rut blocks the functions of PDI in a 
thiol-independent matter by binding to the b or 
x’ domain of PDI, which is a substrate docking 
domain and not a catalytic domain [49].

From all the tested PDI inhibitors the lowest 
efficiency in blocking adhesion to integrin li- 
gands can be correlated with activity of 16F16 
and the highest one with PACMA-31. Lower 
effectiveness of PDI inhibitors comparing with 
thiol blockers may be the result of targeting 
only PDI and not other proteins like integrins. 
Moreover in response to PDI inhibition other 
oxidoreductases present on cell surface may 
probably act as PDI replacement [58, 59]. It is 
also possible that secretion of fresh PDI 
molecules in response to PDI inhibition may 
still leads to integrin activation during adhesion 
or migration.

Among all the tested cell lines MDA-MB-231 
exhibits the highest efficiency of adhesion and 
migration on β1 and β3 ligands. The non-invasive 
MCF-10A most commonly used as a normal 
breast cell model, expresses β1 integrin but 
displays low efficiency in adhesion and mig- 
ration on ECM proteins. The non-invasive MCF-7 
cells that do not express β1 and β3 can be 
characterised by poor adhesion and migration, 
the same as non-cancer cell line MCF-10A. 
MDA-MB-231 more effectively adheres not only 
to ECM proteins but also to different endothelial 
cells. Adhesion of MDA-MB-231 to the endo- 
thelium, analogously to adhesion to collagen 
and vitronectin, can be attenuated by thiol 
blockers and PDI inhibitors. Measured with 
thiols labelling and neutravidin precipitation 
diminished exposition of free thiols on integrin 
molecules in response to incubation with 
tested factors, proves that integrins are targe- 
ts of thiol-blocking properties of cystamine, 
PCMBS, DTNB or PDI inhibitors. Similarities in 
blocking ECM adhesion and cell-cell adhesion 
by different thiol blockers or PDI inhibitors 

suggest that both of these processes are, at 
some point at least, mediated by integrins. This 
assumption was proved by using anti integri- 
ns antibodies that blocks adhesion of MDA-
MB-231 cells to endothelium and inhibits can- 
cer cell migration through endothelial layer.

The highly metastatic MDA-MB-231 is the only 
tested cell line that demonstrates the ability to 
migrate through a transwell chamber coated 
with gelatine or through the endothelial mono- 
layer. Blocking the invasiveness of MDA-MB- 
231 on the endothelium by thiol blockers and 
PDI inhibitors proves the involvement of inte- 
grins in cancer progression and metastasis. 
The first step of the transendothelial migration 
involves adhesion of cancer cells to the endo- 
thelial monolayer, and staining with specific 
anti-integrins antibodies shows that integrin β1 
on cancer cells became activated during adhe- 
sion to HMEC-1 or EA.hy926. However, the non-
invasive MCF-10A that also expresses β1 are 
unable to migrate through the endothelium 
despite their ability to attach to endothelial 
cells.

MCF-10A is the only tested cell line unable to 
promote collagen contraction, whereas, both 
cancer cell lines: MCF-7 and MDA-MB-231 can 
promote collagen contraction. The highly meta- 
static MDA-MB-231 initiates this process more 
effectively than the non-invasive MCF-7. Co- 
llagen and its modifications are crucial for 
cancer cells, since remodelling of the ECM and 
penetration of cancer cells through tissue ba- 
rriers is necessary for metastasis. Collagen 
type I seems to be important for breast cancer 
progression since it is widely distributed in 
breast tissue and increased stromal collagen 
can contribute to mammary tumor formati- 
on and metastasis [50]. Enhanced collagen I- 
α2β1 cross-talking promotes tumor metastasis  
to the bone matrix which contains abundant 
amounts of collagen type I [51]. Integrin α2β1 
regulates expression of collagen type I and 
main metalloproteinase responsible for colla-
gen degradation-MMP-1 [52]. Collagen contra- 
ction can be promoted by integrins such as 
integrin α11 [19] which was proposed as a novel 
biomarker for breast cancer [60]. Blocking the 
collagen contraction by thiol blockers or PDI 
inhibitors may shed a light on another integrin-
dependent process involved in metastasis of 
cancer cells.
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Our findings demonstrate that blocking free 
thiols on cell surface can inhibit cell-cell adhe- 
sion and transendothelial migration of the hi- 
ghly metastatic MDA-MB-231 cell line. We are 
aware that sulfhydryl reagents like free thiol 
blockers would be predicted to affect dozens of 
proteins. However integrins must belong to this 
group since tested factors affects mechanisms 
mediated directly by integrins like adhesion 
and migration on ECM proteins. What is more 
important we show that all of tested agents, 
with various effectiveness, affects free thiol 
exposition on integrin molecules present on 
cell surface, which may lead to blocking of in- 
tegrin activation since exposition of free thiols, 
as a consequence of breakage of disulfide 
bonds, can initiate a constitutively active state 
of integrin [56, 57].

Other researchers showed that the suppression 
of cell adhesion, spreading and invasion of 
MDA-MB-231 can be related to inhibition of β1 
by blocking surface PDI using MNS (3,4-me- 
thylenedioxy-β-nitrostyrene) [20]. We provide 
evidences that also other PDI inhibitors can 
affect cancer cell migration, but we are aware 
that specificity of these factors may be de- 
batable. 16F16 and PACMA-31 were constru- 
cted as permeable factors and may be easily 
sequestered by endogenous thiols. Moreover in 
the cytosol there are many different disulfide 
isomerases with a range of abundances and all 
of them may be susceptible to alkylation at 
their redox-active cysteine residues [60], so the 
anti-adhesion ad anti-migration effect of 16F16 
and PACMA-31 may not be related only to 
blocking surface PDI. Q3Rut due to the lack of 
negative effects on human organism and im- 
permeable properties seems to be very pro- 
mising for further studies, but even Q3Rut high 
specificity to PDI and not other isomerases was 
questioned [61].

Unfortunately, we did not manage to find any 
thiol blocker or PDI inhibitor that would be 
specific for invasive cancer cells. Despite the 
huge differences in adhesion, migration and 
cell-cell adhesion, all the tested cell lines in- 
cluding normal MCF-10A, cancer but non-in- 
vasive MCF7 and highly invasive MDA-MB-231 
respond to incubation with thiol blockers and 
PDI inhibitors in a similar manner. The factors 
characterised by the highest effectiveness, i.e. 
PACMA-31 and PCMBS, influence the activity of 

all the tested cell lines in a similar way. Ad- 
ditionally, all the tested cell lines exhibit similar 
levels of PDI including surface PDI molecules 
exposing free thiols. The most promising ob- 
servations involve an increased number of free 
thiols on αVβ3 on MDA-MB-231, which may be 
correlated with a high number of activated 
integrin molecules on the surface of invasive 
cancer cells. Our observation that a non-toxic, 
specific inhibitor of extracellular PDI Q3Rut 
displays potency in blocking cancer cells ad- 
hesion and migration may be a very good 
starting point for a further analysis of the role 
thiol isomerases in cell migration. As a con- 
clusion, this paper shows that blocking thiol 
isomerases like PDI or blocking activation of 
integrin receptors by stopping thiol-disulfide ex- 
changes can be a promising target for PDI-
dependent anti-cancer therapy not only depen- 
ding on accumulation of misfolded proteins but 
also on attenuating integrin-mediated cancer 
invasiveness.
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1 

Supplementary Figure 1. Anti-proliferative and cytotoxic effects of various PDI inhibitors and free thiol blockers on three cell lines: MCF-10A (A), MCF-7 (B) and MDA-
MB-231 (C). Data presented as mean + SD; mini-max ranges marked as whiskers; n=6. Long-time cytotoxicity was tested following 24-hour incubation. Short-time 
cytotoxicity was tested following 2-hour incubation. Total number of living cells was estimated using PrestoBlue assay. Significance of differences were calculated 
using one-way ANOVA and the post-hoc multiple comparisons Tukey’ test. Planned comparisons were verified the bootstrap-boosted unpaired student’s t test (10000 
iterations) with the Bonferroni’s correction for multiple comparisons.
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Supplementary Figure 2. Adhesion of MCF-10A, MCF-7 and MDA-MB-231 cells to collagen type I and vitronectin in the presence of different solvents. Data present-
ed as mean + SD; mini-max ranges marked as whiskers; n=3. Total numbers of adherent cells were estimated with BCA Protein Assay. Significance of differences 
was analysed with one-way ANOVA and the post-hoc multiple comparisons Tukey’s test and planned comparisons were verified the bootstrap-boosted unpaired 
student’s t test (10000 iterations) with the Bonferroni’s correction for multiple comparisons.
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Supplementary Figure 3. Migration of MCF-10A, MCF-7 and MDA-MB-231 cells on collagen type I and vitronectin in the presence of different solvents. Data present-
ed as mean + SD; mini-max ranges marked as whiskers; n=3. Significance of differences was analysed with one-way ANOVA and the post-hoc multiple comparisons 
Tukey’s test and planned comparisons were verified the bootstrap-boosted unpaired student’s t test (10000 iterations) with the Bonferroni’s correction for multiple 
comparisons.

Supplementary Figure 4. Adhesion of MCF-10A, MCF-7 and MDA-MB-231 cells to endothelial cells HMEC-1 and EA.hy926 in the presence of different solvents. Data 
presented as mean + SD; mini-max ranges marked as whiskers; n=3. Total numbers of adherent cells were estimated with a multifunctional plate reader. Signifi-
cance of differences was analysed with one-way ANOVA and the post-hoc multiple comparisons Tukey’s test and planned comparisons were verified the bootstrap-
boosted unpaired student’s t test (10000 iterations) with the Bonferroni’s correction for multiple comparisons.
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Supplementary Figure 5. Migration of MDA-MB-231 cells through the gelatin-coated transwell chamber (A) and 
monolayer of endothelial cells (B) in the presence of different solvents. Data presented as mean + SD; mini-max 
ranges marked as whiskers; n=3. Significance of differences was analysed with one-way ANOVA and the post-hoc 
multiple comparisons Tukey’s test and planned comparisons were verified the bootstrap-boosted unpaired stu-
dent’s t test (10000 iterations) with the Bonferroni’s correction for multiple comparisons.
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Supplementary Figure 6. Collagen gel contraction by MCF-7 and MDA-MB-231 cells in the presence of different sol-
vents. Data presented as mean + SD; mini-max ranges marked as whiskers; n=3. The area of the collagen gel was 
measured using the National Institute of Health (NIH) ImageJ software. Significance of differences was analysed 
with one-way ANOVA and the post-hoc multiple comparisons Tukey’s test and planned comparisons were verified 
the bootstrap-boosted unpaired student’s t test (10000 iterations) with the Bonferroni’s correction for multiple 
comparisons.


