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Abstract—In MCF-7 human breast carcinoma cells, a531 integrin hyperexpression, which was accomplished by transduc-
tion of a full-length o5 integrin cDNA, increased by about 50-70% the number of cells, survived during 48-72 h cell treat-
ment with doxorubicin. Up-regulation of o581 reduced the level of the apoptogenic p53 protein and p21 cell cycle inhibitor,
but enhanced the activity of Akt and mTOR protein kinases. In addition to these findings, we observed a significant decrease
in the activity of both isoforms of phosphokinase Erk1/2, which is known to play a key role in cell viability pathways, includ-
ing pathways alleviating stress damages caused by distinct antitumor drugs. Diminished Erk activity accompanying the rise
of drug resistance can be explained by an “atypical” function of this kinase, which, in the cells studied, promotes an
enhanced rather than reduced sensitivity to doxorubicin. To verify this suggestion, the effect of a specific Erk inhibitor,
PD98059, on the resistance to doxorubicin of control and a5 cDNA-transduced MCF-7 cells was investigated. The data
showed that suppression of Erk activity increased the resistance of control cells (transduced with an “empty” vector) to a
level higher than that demonstrated by the a5 cDNA-transduced cells. The highest level of resistance was observed in a.531-
trancduced cells treated with PD98059. Akt and mTOR kinase inhibitors had little if any effect on doxorubicin resistance of
a5 cDNA-transduced MCF-7 cells. The data show for the first time that integrin a5p1 can stimulate drug resistance of
tumor cells through a mechanism based on the inhibition of protein kinase Erk. From a more general view, the results of this
investigation suggest that signal protein kinases can perform in tumor cells “non-canonical” functions, opposite to those,
which are the basis for using kinase inhibitors in targeted cancer therapy. It follows that if a protein kinase is supposed to be
used as a target for such therapy, it is important to explore its features in the particular tumor prior to the onset of treatment.
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Drug resistance of cancer cells is one of the main
problems in therapy of oncological diseases. It is known
that interaction of cells with extracellular matrix (ECM)
plays a substantial role in acquiring drug resistance in
tumors [1, 2]. ECM mediates cell responses via cell sur-
face receptors, integrins. They comprise a large family of
glycoproteins integrated within the plasma membrane.
Each integrin is a heterodimer consisting of a- and B-
subunits connected by non-covalent bonds. At present,
18 a- and 8 B-subunits have been identified, which can
assemble into 24 unique receptors, although theoretically
they may form up to 100 individual receptors. The inte-
grin family is divided into several subfamilies based on a
B-subunit common for members of a particular subfami-
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ly. Among them, the 1-subfamily is the most abundant
and widespread in vivo. The majority of integrins display
ligand cross-specificity to ECM proteins, with a few
exceptions including a531, which binds only fibronectin.
Moreover, the oS5-subunit dimerizes only with the (1-
subunit [3, 4].

Several studies have shown that integrin-mediated
signals affect the resistance of tumor cells to stress caused
by antitumor cytostatics [5-7]. However, this information
refers to a few receptors, and published results are
ambiguous. In particular, this conclusion follows from
studies of fibronectin-specific integrin a5f1, which is
expressed by a number of tumors [8, 9]. Ambiguous are
also data on signaling pathways, initiated by individual
receptors, as well as the role of signaling molecules in
drug resistance [10-12]. Here, we demonstrate for the
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first time that a5B1 integrin can stimulate drug resistance
in cancer cells via a mechanism based on inhibition of
protein kinase Erk.

MATERIALS AND METHODS

Cells and reagents. MCF-7 human breast carcinoma
cell line was obtained from ATCC (USA). Cells were cul-
tured in DMEM supplemented with 10% fetal calf serum,
2 mM L-glutamine, penicillin (100 U/ml), and strepto-
mycin (100 pg/ml) and incubated at 37°C in the atmos-
phere with 5% CO,.

Polyclonal antibodies to the a5-integrin subunit and
monoclonal antibodies to the integrin a5f1 were, respec-
tively, from Chemicon and BD Pharmingen (USA).
Polyclonal antibodies to Akt, Erk and their phosphorylat-
ed forms (pAkt Ser473 and pErk Thr202/Tyr204), phos-
phorylated mTOR (pmTOR), proteins p53 and Bcl-2 were
from Cell Signaling Tech (USA). Erk inhibitor, PD98059,
and Akt inhibitor, LY294002, were from Calbiochem
(USA) and other chemicals were from Sigma (USA).

Full-length ¢cDNA cell transduction. Lentivirus plas-
mid vector Ex-A0280-Lv21 containing full-length o5-
integrin cDNA and neomycin-resistance gene, control
vector Ex-EGFP-Lv21, as well as a packaging plasmid
mix were purchased from GeneCopocia (USA). Cells
were transduced with cDNA, according to the manufac-
turer’s protocol, followed by selection in geneticin-con-
taining culture medium (800 ug/ml) for 7 days.

Drug resistance. Cells (2:10%) were cultured in 100 pl
of complete DMEM in 96-well plates for 24 h followed by
incubation with various concentrations of doxorubicin for
48-72 h. The percent of surviving cells was determined by
MTT assay. Here, drug resistance was defined as cell sur-
vival under standard cytostatic treatment (concentration,
incubation time). The half-maximal inhibitory concentra-
tion (ICs), taken as a measure of cell survival, is the cyto-
static concentration causing 50% death of treated cells.

Flow cytometry. Cells ((3-5)-10°) were fixed with
70% ethanol, washed with PBS, resuspended in 1 ml cit-
rate buffer containing 50 pg/ml propidium iodide and 50
pl RNase A solution (10 pg/ml) and incubated for 3 h at
4°C. Cell surface expression of integrins was assessed by
treating the cells with primary mAb specific to human
integrin dimers (BD Pharmingen) followed by staining
with FITC-conjugated secondary antibody and fixation
with 2% formaldehyde. The cells were analyzed using
Becton Dickinson (USA) flow cytometer.

SDS-PAGE and Western blotting. Cells were extract-
ed with the buffer (50 mM Tris-HCI, pH 7.5, 1% Triton
X-100, 150 mM NacCl, 0.5% sodium deoxycholate, 0.1%
SDS) containing protease/phosphatase inhibitor cock-
tails (Santa Cruz Biotech, USA), each 1 ul/10° cells, and
centrifuged for 10 min at 13,000g. Further procedures
were performed as described elsewhere [13].
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Statistical analysis. Differences between groups were
assessed using Student’s 7-test. Significance level was set
at p <0.05.

RESULTS

Hyperexpression of a5B1 potentiates resistance of
MCF-7 cells to doxorubicin. We have shown previously
that in drug-resistant human breast carcinoma line MCF-
7Dox, down-regulation of fibronectin-specific integrin
a5B1 resulted in 2-fold reduced resistance to doxo-
rubicin, thereby suggesting that this receptor is involved in
mechanisms underlying drug resistance [14]. A character-
istic feature of the MCF-7Dox line is high level of expres-
sion of the a5B1 receptor with almost complete suppres-
sion of other collagen and fibronectin-binding integrins,
a2p1, a3p1 and avp3, which are the most specific inte-
grins for epithelial cells [15]. Therefore, it seemed inter-
esting to assess the implication of this receptor in drug
resistance in a closely related model, expressing, like most
tumor cells, a more abundant set of integrins.

To this end, we investigated doxorubicin resistance in
MCF-7 cell line, in relation to which MCF-7Dox line is
a derivative. Unlike MCF-7Dox, the parent cells are
characterized by much lower resistance to doxorubicin,
high expression of integrin o231, moderate expression of
integrins a3B1 and avp3, while they are almost inactive
in expression of a5B1 [15]. Based on these data, we ana-
lyzed doxorubicin resistance of MCF-7 cells in which
expression of a5B1 was restored by transduction with a
plasmid vector carrying the full-length a5 subunit cDNA.
Restored a5p1 expression (hyperexpression) was quanti-
fied by Western blotting assay of cell lysate proteins and by
FACS analysis of transduced cells.

We found that surface expression of a5p1-dimer on
MCEF-7 cells was increased 3-fold after transduction with
a5 cDNA assessed by measuring the geometric mean of
fluorescence intensity (GMean) (Fig. 1, a-c). A sharply
increased amount of a5-integrin detected in cell lysate of
a5- versus control vector-transduced cells is consistent
with this finding (Fig. 1f). To assess an effect of a5 cDNA
transduction on expression of other f1-integrin subfami-
ly members, a flow cytometry assay was applied to analyze
surface expression of receptor a2f31 as the most abundant
integrin for this cell line [15]. We observed that transduc-
tion with vector containing a.5-subunit cDNA had virtu-
ally no effect on surface expression of a2p1 integrin
(Fig. 1, d and e) as evidenced by the lack of significant
differences in GMean in control versus a5 cDNA-trans-
duced cells. Thus, we concluded that de novo formation
of a5B1 dimer did not deplete the intracellular $1-sub-
unit pool and did not affect the expression of endogenous
B1-integrins.

The impact of a5B1 hyperexpression on resistance of
MCF-7 cells to doxorubicin was checked by assessing
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Fig. 1. Efficient hyperexpression of a5f1 integrin in MCF-7 cells transduced with full-length cDNA o5-subunit. Cells were infected with
lentivirus carrying a5 cDNA vector or none specific sequence (empty vector) followed by selection in geneticin as described in “Materials
and Methods”. a-e¢) FACS analysis of surface expression of various integrins: a) cells were transduced with an empty vector followed by stain-
ing with anti-mouse Ig FITC-conjugated antibodies (see “Materials and Methods”); b) cells transduced with an empty vector were treated
with human o531 antibodies (Pharmingen, 555615; 1 : 1000 dilution), followed by staining with anti-mouse Ig FITC-conjugated antibodies;
c) cells transduced with a5 cDNA vector were treated and stained as in (b); d) cells transduced with an empty vector were treated with human
a2pB1 antibodies (Pharmingen, 555668; 1 : 1000 dilution), followed by staining with anti-mouse Ig FITC-conjugated antibodies; e) cells trans-
duced with a5 cDNA vector were treated and stained as in (d); f) Western blotting assay of cell lysate proteins. In brief, 30 pg lysate proteins
were run on PAGE, electroblotted and probed with primary and secondary antibodies (see “Materials and Methods”). Ctrl, cells transduced
with control vector; a5 cDNA, cells transduced with vector encoding full-length cDNA o.5-subunit.
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Fig. 2. Hyperexpression of a5B1 promotes resistance of MCF-7
cells to doxorubicin. Cells infected with lentivirus carrying control
(1) or a5 cDNA-containing (2) vectors were cultured in DMEM
in the presence of various concentrations of doxorubicin. ICy, was
calculated as described in “Materials and Methods”. a) Curves:
1) 1C5, = 0.24 pM; 2) ICs, = 0.41 pM; incubation for 48 h.
b) Curves: 1) IC5, = 0.16 uM; 2) ICy, = 0.24 uM; incubation for
72 h. Data from three independent experiments are displayed
as M + SEM; *1 — p < 0.02 compared to curve 2; *1 — p < 0.05
compared to curve 2.

changes in ICs,. We found that in the cells transduced
with a5 cDNA, IC;, increased 1.5-1.7 times as compared
to control vector-transduced cells (Fig. 2).

Signaling pathways mediating effects caused by o551
hyperexpression. To clarify the mechanisms mediating
the effect of integrin a.5B1 on drug resistance we analyzed
the expression of proteins, which are known to be
involved in signal transduction and regulation of the
diverse functions of cells. As can be seen from Fig. 3,
hyperexpression of aSf1 downregulates expression of
proapoptotic protein p53 and p21 cell cycle inhibitor
while stimulates expression of antiapoptotic Bcl-2 pro-
tein.

The proteins mentioned above control events occur-
ring inside the cell nucleus, i.e. they are involved at the
final steps of signal transduction triggered by, apart from
integrins, various cell surface receptors and intracellular
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metabolites. Upstream events induced within the cell
membrane are more specific to integrins. Among them
are the most fully characterized pathways mediated by
protein kinases IP3-K/Akt and MAPK family protein
kinases including protein kinase Erk [16-18]. To elucidate
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Fig. 3. Effect of a5B1 hyperexpression on expression of signaling
proteins in MCF-7 cells. Cells were transduced with control (Ctrl)
or a5 cDNA-containing vectors and lysed, and then 30 pg lysate
proteins were run on 7.5% SDS-PAGE followed by Western blot-
ting. Membranes were probed with antibodies to indicated pro-
teins at dilution 1 : 1000.
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whether such pathways are involved in a5B1 integrin-
induced signaling in MCF-7 cells hyperexpressing a5p1,
we examined changes in expression and activity of protein
kinases Akt and Erkl/2 (Erk isomers with molecular
weight 42 and 44 kDa, respectively). To this end, expres-
sion of protein kinases was assessed by Western blotting
assay in cell lysate using antibodies to the total enzyme
protein, whereas their activity was determined by probing
with antibodies specifically recognizing their active
(phosphorylated) forms. We found that hyperexpression
of o581 had no effect on the total protein expression of
Akt and Erk1/2 in transduced cells, but sharply increased
activity of protein kinase Akt and its downstream sub-
strate, protein kinase mTOR (Fig. 3). These signaling
proteins are involved in various metabolic and cell sur-
vival mechanisms. At the same time, the activity of both
isoforms of protein kinase Erkl/2 which, like Akt and
mTOR, control cell proliferation and play a key role in
cell survival and stress alleviation, was markedly down-
regulated.

Reduced activity of Erk occurring in response to
a5p1 hyperexpression-induced increase of drug resist-
ance may be interpreted as “atypical” function of this
protein kinase in MCF-7 cells. We hypothesized that in
these cells, Erk mediates signals aimed at attenuation
rather than promotion of drug resistance. If this is the
case, the inhibition of Erk in control cells would result in
an effect similar to that observed in cells transduced with
a5 cDNA, i.e. enhanced drug resistance. Therefore, this
result would corroborate our previous data demonstrating
stimulation of substrate-dependent apoptosis (anoikis) in
response to downregulation of a2B1 integrin in MCF-7
cells [19].

To verify these possibilities, the effect of PD98059,
a specific Erk inhibitor, on resistance to doxorubicin was
determined in control and a5 cDNA-transduced cells
(Fig. 4). In control cells, the mean ICs, increased by
70% (4.5 versus 2.6) after their treatment with PD98059.
In a5 cDNA-transduced cells, I1Cs, increased by 40%
(up to 3.7). The highest ICs, (5.1) was observed in a5
cDNA-transduced cells treated with PD98059, i.e. it
increased by approximately 100% compared to control.
Hence, the overall effect induced by a5p1 cDNA hyper-
expression together with Erk inhibition is equal to the
sum of the effects of each of them and, therefore, is
additive.

The data in Fig. 3 demonstrate that re-expression of
a5B1 is accompanied by a marked up-regulation of pro-
tein kinases Akt and mTOR of which the latter is an Akt
down-stream effector [20]. Involvement of Akt in mech-
anisms neutralizing stress caused by anticancer agents has
been demonstrated in various cell lines [21, 22]. So, the
observed increase in the activity of these protein kinases
could evidence about their involvement in enhancing the
resistance to doxorubicin of cells transduced with a5
cDNA.
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Fig. 4. Down-regulation of protein kinase Erk augments resist-
ance of MCF-7 cells to doxorubicin. Cells transduced with con-
trol (1, 2) or a5 cDNA vector (3-6) were incubated for 24 h with
25 uM Erk inhibitor PD98059 (2, 4), 25 uM Akt inhibitor
LY294002 (5), or 200 nM mTOR inhibitor rapamycin (6), fol-
lowed by treatment with various concentrations of doxorubicin
for 48 h with subsequent 1Cy, determination. The data from three
independent experiments are displayed as M = SEM.

However, as seen in Fig. 4, treatment of the trans-
duced cells with specific Akt and mTOR inhibitors
(LY294002 and rapamycin, respectively) did not result in
marked decrease in drug resistance, suggesting, therefore,
that these protein kinases did not contribute much in
increasing drug resistance caused by a5B1 hyperexpres-
sion.

DISCUSSION

As mentioned above, information on the role of inte-
grin-binding integrins in the drug resistance of tumor
cells is ambiguous. The growth of acute myeloleukemia
cells on the fibronectin substrate blocked the cytostatic
effects of daunorubicin and cytosine arabinoside, with the
blocking effect being manifested when the cell—substrate
interaction was mediated by fibronectin-specific integrin
a4p1, but not with o581 integrin, which has the same li-
gand specificity [23]. In line with these results is elevated
sensitivity to temozolomide in glioblastoma cells in
response to down-regulation of a531 [8]. However, adhe-
sion to fibronectin and activation of a581 receptor did
not affect sensitivity to doxorubicin in lymphoblastic
leukemia T cells, while their interaction with collagen
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attenuated cytostatic effect [9]. Clinical observations of
patients with ovary cancer demonstrated high correlation
between expression of a5B1 integrin and resistance to
antitumor drugs [24].

The ambiguity of these findings seems to result from
differences in the signaling pathways that mediate the
effect of integrins in different types of tumors. For
instance, high drug resistance found in multiple myeloma
cell line was shown to be caused by activation of
Src/Syk/STAT3 and Akt signaling pathway via a5p1 inte-
grin [10]. In the lines of prostate carcinoma and non-
small cell lung cancer, the neutralizing effect of a5B1,
directed against the cytostatic effect of SAHA (a hydrox-
amic acid derivative), is due to the activation of receptor
tyrosine protein kinase MET [11], while in a leukemia
line, similar effect of a5p1 is mediated via activation pro-
tein kinase GSK3p [12].

Here, we present for the first time the data suggesting
that the anti-cytostatic function of a531 integrin can be
mediated by suppression rather than stimulation of Erk-
dependent signaling pathway, and inhibition of this pro-
tein kinase can enhance resistance to cytostatic agents.
These results are not in line with a number of publica-
tions. For example, in glioma cells, the resistance to
temozolomide, induced by integrin 31, depends on the
activation of Erk protein kinase [25]. Investigation of two
colon cancer cell lines demonstrated direct dependence
between 6 integrin-induced resistance to 5-fluorouracil
and activity of Erk [26]. These results corroborate the
increased resistance to doxorubicin found in the acute T-
cell lymphoblastic leukemia lines with MAP/Erk signal-
ing cascade activated by integrin a2B1 [9]. However, it is
noteworthy that in this report, as well as in another study
[27], activation of Erk occurred only upon increase in
signaling activity of collagen-binding integrins and was
not observed when fibronectin-binding receptors, includ-
ing a5B1, were activated. Also of important is that modi-
fications of the Akt signaling pathway did not affect drug
resistance of the cells.

On the other hand, the data presented above on the
“atypical” function of Erk in the mechanism of drug
resistance of MCF-7 cells are consistent with our previ-
ous investigation made on the same cells demonstrating
paradoxical role of Erk in the activity of integrin o231
directing against anoikis, apoptosis induced by disruption
of cell-matrix contacts [19]. These data agree with
markedly diminished cytostatic effect of anticancer drug
taxol upon blocking Ras/Raf/Erk signaling pathway
observed in MCF-7 cell line [28]. Immortalized embry-
onic fibroblasts transformed with v-H-ras or c-src onco-
genes as well as colon adenocarcinoma cells expressing
active oncogene K-ras display reduced resistance to cis-
platin, etoposide, and siramesine, which is sharply upreg-
ulated upon inhibiting Erk activity [29].

Mechanisms responsible for opposed functions of
Erk-induced signals in different cell types have been
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poorly examined. It is assumed that the intracellular
localization of Erk is of great importance, and during
translocation from the cytoplasm into the nucleus, this
protein kinase induces signals directed to cell death
[30].

Results of this study and data published elsewhere
[19, 28, 29] demonstrating “noncanonical” functions of
Erk are of interest from view of targeted therapy
designed to act on a particular signaling protein kinases
in distinct neoplasms. The action of almost all currently
used targeted antitumor drugs is aimed at suppressing
the activity of distinct links of signal chains, which pro-
vide the tumor cell with the ability to survive in stressful
situations. Many of these pathways “cross” at Erk, and
attempts to use this protein kinase as a target in treat-
ment of cancer are presented in a number of publica-
tions. For instance, a clear-cut therapeutic effect was
demonstrated in patients with renal cell carcinoma
treated with Erk inhibitor sorafenib, and based on clini-
cal studies it was recommended as the first-line therapy
[31, 32]. Another Erk inhibitor, cobimetinib, substan-
tially enhances therapeutic effect of vemurafenib (BRAF
inhibitor) in treatment of melanoma [33]. Obviously,
ignoring the ability of Erk to exert noncanonical “invert-
ed” properties in some neoplasms may not only abrogate
effects of targeted therapy, but even contribute to devel-
opment of the disease.

Given the fact that the cell line discussed in this
study is a model of estrogen dependent breast cancer, it
would be interesting to consider the possible significance
of changes in Erk protein kinase in development of hor-
monal resistance of this neoplasia. The success of hor-
monal therapy in patients with breast cancer is deter-
mined by the level of expression of the estrogen receptor
ER-a by tumor cells. Probability of successful therapy of
patients with ER-a-positive tumor is 7-8 times higher
than with ER-a-negative tumor [34]. To this end, of spe-
cial interest are the studies demonstrating that expression
of ER-a inversely correlates with Erk activity [35, 36].
These results indicate that success of breast cancer thera-
py with anti-estrogen drugs (e.g. tamoxifen), as well as by
cytostatics, can be substantially determined by the prop-
erties (conventional or “non-canonical”) of protein
kinase Erk.
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