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Abstract—Integrin expression was investigated in MCF-7 human breast adenocarcinoma line and in the MCF-7Dox line,
which was selected from MCF-7 by a resistance to multiple antitumor drugs (MDR). We have shown that acquisition of
MDR was accompanied by a drastically reduced expression of some integrins of the f1-subfamily (a2p1, a3p1, a6p1) and
of avp5 intergin in the adenocarcinoma cells. In contrast, expression of o581 integrin was markedly increased in the MDR
cells. Along with multiple antitumor drug resistance, MCF-7Dox cells demonstrate elevated resistance to anchorage-
dependent apoptosis (anoikis) and enhanced in vitro invasive activity. To elucidate the implication of B1-integrins in the
above phenotypic modifications, the effect of 31-integrin signaling was assayed. Stimulation of 1-mediated signaling was
accomplished by treating of the cells with antibodies to the $1-subunit common for members of the f1-subfamily. These
data show that activation of f1-integrin signaling markedly upregulated anoikis of the adenocarcinoma cells.

DOI: 10.1134/5000629790605004X
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Drug resistance of tumor cells is one of the main fac-
tors hindering effective chemotherapy of cancer. The
phenomenon of multidrug resistance (MDR) has been
described in which cells surviving one pharmaceutical
acquire resistance to others. Among numerous mecha-
nisms of MDR, the role of a plasma membrane glycopro-
tein with molecular mass of 140-170 kD (P-glycoprotein,
Pgp170) is the most studied. This protein transports from
the cell a number of natural metabolites and xenobiotics
including pharmaceuticals used in chemotherapy of
tumors [1, 2].

Other mechanisms are known that are not mediated
by Pgp-dependent transport [3]. Recently, resistance has
been reported against antitumor agents upon cell adhe-

Abbreviations: MDR) resistance to multiple antitumor drugs;
polyHEM) poly(2-hydroxyethyl methacrylate); PCR) poly-
merase chain reaction; RT) reverse transcription.
* To whom correspondence should be addressed.

sion to extracellular matrix proteins [4-6]. These data are
indicative of possible involvement of integrins in MDR;
these cell surface matrix-specific receptors mediate both
the cell-matrix interaction and signal transduction con-
trolling various intracellular processes including those
associated with cell survival [7, 8].

Integrins comprise a large family of heterodimers
composed of a- and -subunits linked together with non-
covalent bonds. Many B-subunits can form dimers with
different a-subunits, which is the basis for classification
of integrin subfamilies (such as 1, 32, B3, and so on) [8,
9]. Most integrins possess crossed ligand specificity, that
is, each receptor can bind two or more matrix proteins,
and each matrix protein can form complexes with at least
two receptors [8, 9].

Integrins may be involved in drug resistance via their
role in anchorage-dependent apoptosis, anoikis. The
mechanism of anoikis is that integrins bound to the extra-
cellular matrix provide signals hindering cell death,
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whereas disruption of these bonds leads to apoptosis [10,
11]. This mechanism is supposed to underlie higher
resistance of cells attached to a substrate in comparison
with the cells suspended in a medium [5, 12, 13].

Down-regulation of integrin signal activity that con-
trols apoptotic cell death might be a mechanism account-
ing for drug resistance [14, 15]. It was shown, for
instance, that sensitivity of some tumor cell types to
cytosar, cisplatin, and camptothecin is due to integrin-
mediated activation of the tumor suppressor p53, which
stimulates apoptosis, and the oncogene c-Ab/ [14]. On the
other hand, integrin a4B1 induces resistance of B-cellu-
lar lympholeukosis cells to fludarabine by activation of
the anti-apoptotic protein Bcl-xL and inhibition of p53
activity [16].

However, pathways of transduction of integrin-
mediated signals controlling apoptosis require further
investigation. In particular, it is unclear whether integrins
can only transmit protective (anti-apoptotic) signal, and
cell death in anoikis is due to the blocking of this signal.
Can these receptors generate pro-apoptotic signals
inducing cell death upon detaching of cell-matrix con-
tacts? In a gut carcinoma cell line, we first found that the
vitronectin-specific integrin avp3 generates a signal
enhancing apoptosis, upon disruption of cell—substrate
contacts [17]. Ability to stimulate apoptotic cell death
was also found in some other integrins [18, 19]. Hence,
the cells that do not express these integrins might have
higher vitality. One can expect that one of the mecha-
nisms forming drug-resistant cell population is selection
of cells that do not express one or more such integrins.
This suggestion is confirmed by our data demonstrating
decreased expression of avf3 integrin in tumor cells upon
acquisition of MDR [20].

In the present study, we have shown that human
breast adenocarcinoma cells acquiring MDR during
selection in the presence of the antitumor drug doxoru-
bicin compared with the initial cells are characterized by
drastically decreased expression of most (1-subfamily
integrins. Multidrug-resistant cells compared with
parental cells exhibit significantly increased resistance to
anoikis and are significantly more active in invasion in
vitro. We have first found that up-regulation of p1l-inte-
grin signaling in drug-sensitive cells leads to a marked
enhancement of anchorage-dependent apoptosis.

MATERIALS AND METHODS

Chemicals. Monoclonal antibodies BHA2.1 against
integrin a2f31 and P3G8 against the av-subunit and poly-
clonal antibodies against the cytodomains of subunits a1,
a2, o4, oS5, Bl, B3, and B5 were purchased from
Chemicon Int. (USA). Monoclonal antibodies P1B5
against the receptor a3f1 were purchased from Dako
Corp. (USA). Monoclonal antibodies ICO-53 against the

MOROZEVICH et al.

histocompatibility complex HLA-ABC were kindly pro-
vided by Dr. Yu. A. Baryshnikov (Blokhin Oncology
Research Center, Russian Academy of Medical Sciences,
Moscow). Biotinamidocaproate N-hydroxysuccinimide
ester (NHS-biotin), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrasolium bromide (MTT), and poly(2-
hydroxyethyl methacrylate) (polyHEM) were purchased
from Sigma (USA). Oligodeoxyribonucleotides were syn-
thesized by Syntol (Moscow, Russia). Reverse transcrip-
tion (RT) and polymerase chain reaction (PCR) kits were
purchased from Gibco (USA).

Cell lines. Human breast adenocarcinoma cell line
MCF-7 was purchased from ATCC (American Type
Culture Collection, USA). Its variant MCF-7Dox select-
ed in the presence of doxorubicin was kindly provided by
Prof. T. N. Ignatova (University of Illinois at Chicago,
USA). The cells were cultured in the DMEM medium
containing 10% fetal calf serum (HyClone, USA), 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin at 37°C in an atmosphere of 5% CO,. The MCF-
7Dox cells were cultured in presence of 1.7 uM doxoru-
bicin. Cells from logarithmic growth-phase were used in
all experiments.

Biotinylation of cell surface proteins, immunopre-
cipitation of integrins, and electrophoresis of proteins
were carried out as described previously [21]. Immuno-
blots were treated with streptavidin—peroxidase and
developed in a ECL (Enhanced Chemiluminescence)
system (Amersham, UK).

RT-PCR was performed as described previously [17].
Primer sequences and PCR conditions for integrin sub-
units are given in Table 1.

Invasion was determined in Transwell (Costar) as
described previously [22].

Anoikis determination was based on apoptotic signs
(intranucleosomal DNA degradation) occurring when
cell were grown on the non-adhesive substrate polyHEM
prepared as described elsewhere [23]. DNA degradation
was determined using a Cell Death Detection ELISA Kit
(Roche Diagnostic GmbH, Germany) according to the
manufacturer’s protocol. This assay is based on quantita-
tive enzyme-linked determination of histones in mono-
and oligonucleosomes accumulating during DNA frag-
mentation.

In experiments on the effect of antibody-induced
activation of integrins on anoikis, apoptosis was deter-
mined from incorporation of radioactive thymidine into
intact and degraded DNA [24] in our modification. Cells
were incubated in a medium containing ['*C]thymidine
(2 pCi/2-10° cells) for 17 h at 37°C, washed with phos-
phate buffer saline (PBS) for removal of the unincorpo-
rated label, and incubated for 1 h at 37°C. Then the cells
were detached with EDTA-trypsin, suspended in medium
containing 2.5% fetal serum, and incubated on substrates
composed of immobilized antibodies (see below) at 37°C
for 3.5 h. Then the cells were collected with EDTA-
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Table 1. PCR conditions for amplification of integrin cDNAs

cDNA Forward primer

Reverse primer

Cycles Amplicon size, bp*

al 5'-catgcggggctegttttggaa-3'

a2 5'-tggggtgcaaacagacaagg-3'

a3 5'-tacgtgcgaggceaatgaccta-3'

ad 5'-catttccgagtetgggccaa-3'

ab 5'-tggaggtacagttgttggeg-3'

av 5'-gttgggagattagacagagga-3'

Bl 5'-tgttcagtgcagagecttca-3'

B3 5'-ggggactgectgtgtgactc-3'

B5 5'-cgagcttgggataaagcaag-3'

B-Actin 5'-gtggggcgecccaggeacca-3'

5'-cggccacatctcgggaccaga-3'

5'-gtaggtctgctggttcag-3'

5'-tttggggetgcaggatgaaget-3'

5'-tggaggcttgagctgagett-3'

5'-ctccgttaggttcagggagt-3'

5'-caaaacagccagtagcaacaa-3'

5'-cctcatacttcggattgacc-3'

5'-cttttcggtcgtggatggtg-3'

5'-tcaacaggcatctcaacage-3'

5'-ctccttaatgtcacgcacgatttce-3'

94°C, 45 sec 309

60°C, 60 sec

72°C, 60 sec
35 cycles

94°C, 45 sec 541

58°C, 60 sec

72°C, 60 sec
30 cycles

94°C, 45 sec 306

60°C, 60 sec

72°C, 60 sec
30 cycles

94°C, 60 sec 324

58°C, 60 sec

72°C, 60 sec
30 cycles

94°C, 45 sec 253

58°C, 60 sec

72°C, 60 sec
35 cycles

94°C, 45 sec 288

56°C, 45 sec

72°C, 60 sec
30 cycles

94°C, 60 sec 452

56°C, 60 sec

72°C, 60 sec
30 cycles

94°C, 60 sec 544

58°C, 60 sec

72°C, 60 sec
30 cycles

94°C, 60 sec 327

56°C, 60 sec

72°C, 60 sec
30 cycles

94°C, 30 sec 540

60°C, 30 sec

72°C, 30 sec
30 cycles

* bp, base pairs.

trypsin, suspended in medium containing 10% fetal
serum, and incubated on polyHEM for 24 h at 37°C.
Following the incubation, the cells were lysed in 20 mM
Tris-HCI buffer, pH 7.4, containing 4 mM EDTA and
0.4% Triton X-100. The lysate was centrifuged at
15,000 rpm, the pellet was dissolved in buffer containing
1% SDS, and radioactivity was determined both in the
pellet (intact DNA) and supernatant (fragmented DNA).
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Apoptosis (%) = radioactivity of supernatant/(radioactiv-
ity of pellet + radioactivity of supernatant).

To prepare substrates from immobilized antibodies,
24-well plates were treated with rabbit antibodies against
mouse IgG (25 pg/ml) for 2 h at 37°C, washed with PBS,
blocked with albumin (10 mg/ml in PBS, 1 h, 37°C) fol-
lowed by washing with the culture medium, and the plates
were incubated for 18 h at 4°C with antibodies against 1,
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av, and histocompatibility complex HLA-ABC, dilution
1 : 100. Then the plates were washed three times with the
medium and used for cell plating as described above.

Statistical analysis of data was performed by
Student’s r-test using Sigma-Plot software. Difference
between cell lines was considered to be statistically signif-
icant at p < 0.05.

RESULTS AND DISCUSSION

Substrate-anchorage apoptosis of drug-resistant and
drug-sensitive cells. Examination of drug resistance of
MCF-7Dox cells has shown that they are resistant not
only to doxorubicin, but also to the antitumor drugs vin-

Asos
0.6 1
0.4 1
0.2
T
0.0 —
MCF-7Dox

Fig. 1. Sensitivity of MCF-7 and MCF-7Dox cells to anoikis.
Lysate prepared from about 3000 cells of each type was used in
ELISA. Light columns, cells before incubation on polyHEM;
hatched columns, cells after 24 h of incubation on polyHEM.
* p <0.001 (MCF-7 after incubation on polyHEM in relation to
MCF-7 before incubation on poly HEM).

ad av
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cristine, taxol, and mitoxantrone (data not shown). Thus,
these cells possess multidrug resistance (MDR).
Moreover, unlike MCF-7, MCF-7Dox cells express the
active form of Pgp170 protein (data not shown).

Since the role of integrins in MDR may be deter-
mined by their role in anoikis (see introduction), we have
studied this type of cell death in these cells.

Quantitative analysis of anoikis was performed using
enzyme-linked assay of histones associated with mono-
and oligonucleosomal DNA (Fig. 1). It is seen from the
figure that, before plating on non-adhesive substrate, the
cells of both lines do not differ in contents of degraded
DNA. However, after 24 h in suspension, the degraded
DNA contents in MCF-7Dox cells were about 3.5-fold
less than in MCF-7 cells. So, acquisition of MDR by cells
is accompanied by significant elevation of resistance to
anchorage-dependent apoptosis.

Expression and role of integrins in anchorage-
dependent apoptosis. Since integrins play a key role in
transduction of signals controlling anoikis [10, 11], one
can suppose that modifications in expression of these
receptors underlie the found difference between the ana-
lyzed cell lines.

Immunoblotting (Fig. 2) and RT-PCR (Fig. 3) show
that drug-resistant and sensitive cells strongly differ in the
spectrum of expressed integrins. The resistant line
demonstrates drastic down-regulation of most integrins
of B1 and av subfamilies—both at the level of cell surface
expression and transcription of genes encoding integrin
subunits. It is seen that unlike MCF-7, MCF-7Dox cells
do not express the collagen-specific receptor a231, colla-
gen- and laminin-specific receptor a3 1, laminin-specif-
ic integrin a6B1, and vitronectin-specific integrin avps.
At the same time, fibronectin-specific receptor a5p1 is a
major integrin in drug resistant cells whereas in the wild
type MCEF-7 cells its expression is negligible. In addition,
some enhancement of collagen-specific integrin o lf1
expression was found in the MCF-7Dox cells.

It is seen from Fig. 3 that alterations in gene expres-
sion of integrin subunits accompanying MDR complete-
ly correspond to alterations in surface expression of these
receptors. In MCF-7Dox cells, the genes encoding a5

avp5 B1 B3

—ai
—av
— a2, a3, ab

— B1
2 —PB5

Fig. 2. Surface expression of integrins in MCF-7 (1) and MCF-7Dox (2) cells. Cell membrane proteins were biotinylated (see “Materials and
Methods”), and the integrin dimers were precipitated by antibodies against individual subunits or (in the case of avp5) against the complete

dimer.
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Fig. 3. RT-PCR analysis of genes encoding integrin subunits in MCF-7 (/) and MCF-7Dox (2) cells. Primer sequences and reaction condi-

tions are given in “Materials and Methods”.

and B1 subunits that form a5B1 dimer are the most active.
In parental line, the genes encoding a2, a3, av, as well as
B1 and B5 subunits, i.e., the subunits comprising dimers
a2f1, a3p1, and avBS, possess the maximum activity.

The observed changes in integrin expression might
be considered as an accidental feature not related to
anoikis mechanisms. One can suggest, however, that the
parental cells, under disruption of their contacts with
matrix, realize a signal to apoptosis, which is mediated by
some integrins of 1 and/or av family. In this case, the
absence of these receptors in MCF-7Dox cells could
explain their elevated resistance to anchorage-dependent
apoptosis. Moreover, resistance of these cells to anoikis
can be an additional mechanism to the well-characterized
Pgp170-mediated efflux of a variety of drugs out of the
cell.

To test this suggestion, the MCF-7 cells were plated
on antibodies to f1 or av subunits immobilized on plas-
tic. Adhesion to such substrate results in clustering of cor-
responding cell surface receptors and activation of their
signaling function [17].

The data of Table 2 show that the activation of MCF-
7 cells by immobilized B1-subunit antibodies enhances
anoikis by 70% in comparison with the control, in which
anoikis was analyzed after adhesion on “neutral” anti-
bodies (against the HLA histocompatibility complex) or
on poly-L-lysine. Activation by antibodies against the av-
subunit had no visible effect on anoikis of MCF-7 cells.

Invasion in vitro of drug-resistant and drug-sensitive
cells. The ability of tumor cells to survive in the absence
of matrix contacts is a prerequisite of their invasion into
surrounding tissues and metastasis formation, a hallmark
of malignant progression [10, 25]. To this end, one may
suppose that MCF-7Dox cells differ from the parental
ones by a more severe malignant phenotype. This sugges-
tion was confirmed by an in vitro invasion assay demon-
strating that invasive activity of drug-resistant cells is 10-
fold higher than of their sensitive counterparts (Table 3).

There are conflicting data in the literature concern-
ing expression and the role of integrins in apoptosis, drug
resistance, and progression of tumor cells. For example,
drug-resistant cells of ovary carcinoma are different from
their sensitive precursors in their elevated expression level
of integrins a2B1 and a6B1, as well as enhancement of
invasion in vitro [26]. Higher expression levels of subunits
a2, a5, ab, B1, and B4, collagenases MMP-2 and MMP-
9, as well as enhanced invasive activity were observed in a
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melphalan-resistant subline of nasopharyngeal cancer, as
compared with the initial sensitive line, whereas taxol-
resistant subline was characterized by decreased expres-
sion of a2PB1 and was indistinguishable from the initial
one in invasion in vitro [27]. Our results confirm the data
of other authors demonstrating the up-regulation of o581
receptor [28] and down-regulation of integrin a2f31 [29]
in MCF-7 cells acquiring MDR, while a decrease in inte-
grin a5B1 expression was detected in melanoma cells with
various levels of Pgp-mediated MDR [30].

The ambiguity of these results can be explained by
the fact that, as indicated above, many integrins possess

Table 2. Activation of signaling function of 1-integrins
enhances anoikis of MCF-7 cells

Substrate Anoikis, %
Anti-HLA 16.4+2.2
Poly-L-lysine 16.7+ 1.3
Anti-B1 27.2 £4.4*
Anti-ov 16.5 £ 2.1

Note: The cells were incubated on the indicated substrates followed by
plating on the non-adhesive substrate (see “Materials and
Methods”). Anoikis was determined as a ratio (%) of degraded
DNA radioactivity to the sum of native and degraded DNA
radioactivities of cells plated on non-adhesive substrate. The
results are mean * s.e.m. of three independent experiments.
* p <0.05 relative to controls (anti-HLA and poly-L-lysine).

Table 3. Invasion in vitro of MCF-7 and MCF-7Dox cells

Cells Number of cells migrating
through matrigel
MCF-7 257 £ 175
MCF-7Dox* 3818 + 335

Note: Matrigel (150 pg) was polymerized on Transwell membranes and
5-10* cells in 300 yl DMEM medium containing 0.5% fetal
serum were applied into the upper chamber. The cells that
migrated into the lower chamber were counted after 120 h of
incubation at 37°C. The data are mean =* s.e.m. of three inde-
pendent experiments. * p < 0.001 (MCF-7Dox compared with
MCE-7).
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overlapping ligand affinity and, hence, various receptors
can transmit physiologically equal signals when interact-
ing with the same matrix protein [8, 22]. One can antici-
pate that evolution of a particular cell population is not
associated with changes in a single integrin but it is rather
a spectrum of these receptors that ensures the optimal
adaptation of cells to microenvironment and develop-
ment of the resulting phenotype: MDR, invasiveness, and
metastasis formation.

In the present work, using a model of breast carcino-
ma cells we have shown for the first time the ability of 1
family integrins to stimulate anoikis, while av35 receptor
has no such capability. Furthermore, we have previously
demonstrated that integrin avf3 similar in its ligand
properties to integrin avp5 induces the anchorage-
dependent apoptosis in gut carcinoma cells [17]. The
ability to induce opposite effects on apoptosis in various
cells types has been reported for integrins a6p4 [19, 31]
and a4p1 [18, 32].

Our finding that stimulation of B1-integrin signaling
resulted in an enhanced anoikis of drug-sensitive cells
correlates with the drastic down-regulation of the most
Bl-receptors and markedly increased resistance to
anoikis in MDR cells. Of interest, the decreased expres-
sion of collagen- and laminin-specific integrins a2 1 and
a3B1 known to be involved in cell differentiation, and
enhanced expression of vitronectin- and fibronectin-spe-
cific avB3 and a5B1 receptors implicated in invasion and
proliferation are often observed in primary breast carci-
nomas [12]. A correlation between integrin-controlled
resistance to anoikis and drug-resistance of tumor cells
was documented in a number of studies [16, 32, 33].

The mechanisms of integrin-mediated apoptosis are
poorly known. In endothelial cells, avp3 and Bl-inte-
grins were shown to generate pro-apoptotic signal provid-
ed that none of them interacts with its own ligand,
although cell attachment to a substrate is not disrupted
[11]. The authors coined the term “integrin-mediated
death” for such type of apoptosis. Non-ligated integrin
proved to interact with and activate caspase 8.
Mechanisms of integrin-mediated death and anoikis are
apparently different [11].

Of substantial interest are the data that integrin acti-
vation induced by cell-matrix interaction up-regulates
p53 and enhances sensitivity to antitumor agents damag-
ing DNA (doxorubicin, etopozide, etc.) [14].
Detachment of cells from substrate results in decrease in
p53 level and increase in drug resistance. This effect
appeared to be cell type specific. If the cell lines studied
in the present work are of such type, one can anticipate
that decrease in expression of f1-integrins in MCF-7Dox
cells is associated with their diminished sensitivity to
anoikis and higher drug resistance in comparison with
MCF-7.

In conclusion, some suggestion may be made con-
cerning the role of integrin a5B1 in MCF-7Dox cells.
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Enhancement of expression of this receptor in cells with
MDR apparently has a dual effect: 1) many investigators
have documented a protective effect of a581 from anoikis
[34, 35], and this finding allows a supposition that this
receptor contributes to higher resistance of MCF-7Dox
cells both to anchorage-dependent apoptosis and MDR;
2) the signals mediated by the receptor a5p1 stimulate
production of matrix-specific metalloproteinases [36]
and, hence, favor invasion and metastasis formation in
tumor cells. These data are in agreement with the results
obtained in the present study.

This study was supported by the Russian Foundation
for Basic Research (project Nos. 03-04-48968, 05-04-
49695, and 06-04-49066).
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