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Abstract—Multidrug resistance (MDR) is the protection of a tumor cell population against numerous drugs differing in
chemical structure and mechanisms of influence on the cells. MDR is one of the major causes of failures of chemotherapy
of human malignancies. Recent studies show that the molecular mechanisms of MDR are numerous. Cellular drug resist-
ance is mediated by different mechanisms operating at different steps of the cytotoxic action of the drug from a decrease
of drug accumulation in the cell to the abrogation of apoptosis induced by the chemical substance. Often several different
mechanisms are switched on in the cells, but usually one major mechanism is operating. The most investigated mechanisms
with known clinical significance are: a) activation of transmembrane proteins effluxing different chemical substances from
the cells (P-glycoprotein is the most known efflux pump); b) activation of the enzymes of the glutathione detoxification sys-
tem; ¢) alterations of the genes and the proteins involved into the control of apoptosis (especially p53 and Bcl-2).
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Studies of the resistance of tumor cells to cytotoxic
drugs are necessary for understanding the mechanisms
of the cells’ defense against injury. The investigation of
the insensitivity of malignant cells to chemotherapy is
needed also for oncology practice because drug resist-
ance is often considered to be a cause of tumor therapy
failures. Ineffectiveness of the therapy may be provoked
by many other causes besides tumor cell alterations; it
may be connected with peculiarities of the pharmacoki-
netics of a drug, i.e., the inability of a drug to reach the
cell in adequate amounts and active form. However, in
this paper only the mechanisms of drug resistance of
cells will be described; the problems of drug pharmaco-
kinetics will not be considered.

Table 1 shows the main steps of cell injury by a drug
from the drug uptake by the cell to programmed death
(apoptosis). Most chemotherapeutic drugs induce apop-
tosis [1]. The simplified list of cell alterations resulting in
cell death is indicative of the ability of cells to disrupt the
pathway of injury at any step. This list demonstrates the
diversity of the mechanisms of cellular resistance to
drugs.

Contemporary chemotherapy uses combinations of
various drugs hitting different targets [2]. Examples of
some drugs and their targets are shown in Table 2. It is

Abbreviations: MDR) multidrug resistance; Pgp) P-glycopro-
tein; GSH) glutathione; GST) glutathione S-transferases.

evident that very different drugs are damaging various
targets in the cell. Thus cellular multidrug resistance
(MDR) is a problem of the great importance for con-
temporary combined chemotherapy because of the
usage of drug combinations and multiplicity of drug tar-
gets in the cell. MDR is cell resistance not to single sub-
stance but to numerous substances characterized by dif-
ferent mechanisms of action and by different chemical
structure. MDR was first found in cell culture experi-
ments [3]. Treatment of cultured cells by a single drug
resulted in the establishment of a cell population simul-
taneously resistant to many other compounds (cross-
resistance).

Naturally, MDR is not necessarily the result only of
the treatment of the cells by a drug. Often it is connect-
ed with the type of cell differentiation or the localization
of cells in an organism. This is intrinsic MDR (cells are
drug resistant before the drug treatment). For example,
brain tumors are resistant to chemotherapy due to the
blood-brain barrier. Intrinsic MDR may be connected
with a genetic change that initiated the tumor. For
example, chromosome translocation 9;22 results in the
occurrence of fused BCR/ABL protein and causes
chronic myeloid leukemia; this translocation can also
abolish apoptosis and so cause MDR [4]. Other exam-
ples of this type of MDR are given in the discussion of
the role of p53 in MDR (section 4 of this paper). All cells
of a tumor with intrinsic MDR are drug resistant.
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Table 1. Main mechanisms of drug resistance of tumor cells

No. | Steps in the cytostatic action of drugs

Alterations resulting
in drug resistance

Mechanisms
of drug resistance (examples)

1. drug uptake by the cell
* the cell

2. activation or preservation of activity of
a drug in the cell

Y

3. damage to drug target

4. arrest of cell cycle and/or death of the

cell

decrease of drug accumulation by

detoxification of the drug or inabili-
ty of drug-activating systems

alterations of drug target, increased
* repair of the damaged target

abrogation of apoptosis or cell cycle
arrest: alterations of the genes con-
trolling apoptosis

activation of transporter proteins (P-
glycoprotein, MRP, etc.)

activation of the enzymes of the glu-
tathione system, sequestration of the
drug in intracellular vesicles

mutations of the genes coding for
topoisomerases, enhancement of DNA
repair

mutations of p53 gene, activation of
BCL-2 gene

Table 2. Main groups of anticancer drugs

Families of anticancer

drugs Examples of drugs

Some mechanisms of action Examples of drug targets

Alkylating agents melphalan, cyclophosphamide,

chlorambucil, cisplatin

Anticancer antibiotics | dactinomycin, daunomycin, doxo-
rubicin

Drugs derived vinca alkaloids (vinblastine),

from plants podophyllotoxins  (etoposide),
taxanes

Antimetabolites methotrexate, fluorouracil, cyto-
sar, 5-azacytosine, 6-mercapto-

purine, gemcitabine

binding with DNA, breaks and | DNA molecule
inappropriate links between
DNA strands

topoisomerase inhibition topoisomerase I and |

depolymerization of micro-
tubules, damage to mitotic
spindle

cytoplasmic  microtubules,

mitotic spindle

inhibition of enzymes partici-
pating in DNA and RNA syn-
thesis

dihydrofolate reductase, thy-
midylate synthetase, etc.

Acquired drug resistance can arise from chemother-
apy. Rare genetic variants of drug resistant cells can
occur in a tumor cell population under the influence of
cytostatic drug, and these cells can multiply if they have
selective advantage. Selective advantage may be the
result both of drug resistance and of other cell traits:
acceleration of the proliferation rate, alterations of cell
sensitivity to growth factors, etc. These factors can influ-
ence cell selection by the drugs. Adaptive changes are
very interesting; they lead to the drug resistance of the
majority of the cell population because of temporary
activation of cell defense mechanisms. These alterations
and their connections with subsequent drug resistance
are not studied well. In the next few paragraphs we will
describe the main mechanisms of drug resistance.

1. MAIN MECHANISMS OF DECREASE
OF DRUG ACCUMULATION BY CELLS

A priori decrease of a drug accumulation by cells
may result both from decrease of drug influx and
increase of drug efflux from the cells. Since most
chemotherapeutic drugs enter cells by passive diffusion
through the plasma membrane, cell changes in drug
influx can be connected with changes in the cell mem-
brane structure. Indeed, both electron microscopy and
analysis of the lipids of the membranes of MDR cells
revealed differences between some drug sensitive and
drug resistant cells [5]. The modifications found could
cause either changes in drug traffic through the cell
membrane or an influence on signaling pathways con-
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Table 3. Examples of multidrug transporters (proteins
and genes coding the transporters)

Molecular Human | Chromosome
Protein weight, kD gene localization

P-glycoprotein 140-170 MDRI 7921.1
(Pgp)

MRP 190 MRPI 16p13.1
LRP 110 LRP 16p11.2
VMAT 62 VMAT 10g26.1
(vesicular
monoamine
transporter)

ARX 72 ARX 1p22

trolling apoptosis. However, data concerning alterations
of drug uptake by cells are scarce, so another mechanism
(drug efflux from the resistant cell) is considered to be
the main mechanism of the decreased drug accumula-
tion in cells.

Drug efflux from cells is mediated by the activity of
transporter proteins, i.e., P-glycoprotein (Pgp), trans-
porters of the MRP family, and some other proteins
(Table 3). Pgp has been studied for comparatively long
time (25 years) and many facts are gathered in this field.
Thus it is possible to consider Pgp mediated MDR (Pgp-
MDR) as a tool for the analysis of problems which are
not resolved in other types of MDR. So we will discuss
Pgp in more detail.

1.1. Multidrug Resistance Mediated
by P-Glycoprotein (Pgp)

Pgp: general characteristics and functional activity.
Pgp functional activity mediates cellular drug resistance
to diverse antitumor drugs (to anthracycline antibiotics,
plant alkaloids, especially to vinca alkaloids, to
podophyllotoxins, taxanes, etc.) and to numerous other
substances—fluorescent dyes, ethidium bromide,
puromycin, gramicidin D, etc. There is a saying that Pgp
and MRP proteins (see further) cause cellular drug
resistance to the half of the substances in the Sigma cat-
alogue.

Pgp is a large transmembrane glycoprotein with
molecular weight approximately 170 kD consisting of
two similar halves each including six hydrophobic trans-
membrane segments (Fig. 1). This suggests that the Pgp
molecule spans the membrane twelve times. The Pgp
molecule has two ATP-binding domains (Fig. 1) show-
ing that Pgp function is energy-dependent. One of most
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popular hypotheses proposes that the drug molecule
binds to a specific site of Pgp within the lipid bilayer of
the cell plasma membrane and by means of the energy of
ATP hydrolysis is transported out of the cell. Indeed,
chemotherapeutic drugs were shown to be bound by the
membranes of drug resistant cells better than by the
membranes of sensitive cells; experiments showed also
that the drugs in a gel are bound by a protein with the
molecular weight of 170 kD [6]. Labeled drugs, for
example vinblastine, and fluorescent dyes (they are also
Pgp substrates) were excluded with the greater speed
from Pgp overexpressing drug resistant cells [6]. Data
obtained recently suggest that Pgp may function as fli-
pase which moves bound substances to the external
membrane layer or outside the cell [7].

There are various techniques for determination of
Pgp function as an efflux pump. Pgp activity may be
evaluated by the rate of uptake by cells of a labeled drug
(for example, [*H]vinblastine) or fluorescent drugs
(daunorubicine) and also by the extent of uptake and the
rate of efflux of florescent dyes, Pgp substrates (rho-
damine-123, etc.) by cells [8, 9]. In these experiments
modulators of Pgp activity are used (preferentially the
most specific ones—PSC833 or verapamil). The accu-
mulation of every drug that is a Pgp substrate is
decreased in the cells characterized by increased Pgp
activity. This substance effluxes with greater speed from
the cells with Pgp-MDR, a modulator of Pgp activity
inhibiting drug efflux [10].

Pgp belongs to the superfamily of ABC (ATP-
Binding Cassette) transporters. More than a hundred
transport proteins are included in the ABC family; they
have been found in different species ranging from E. coli
to humans [11]. The proteins of this family transport
very different substrates ranging from inorganic ions to
polysaccharides and proteins. These diverse transporters
are united by a common domain organization—the
presence of transmembrane and ATP-binding domains,
which also are named ABC domains (Fig. 1) [11]. ABC
domains of prokaryotic and eukaryotic proteins of the
family share 30-40% sequence homology (irrespective of
their substrate specificity) [11]. Experiments with the
transfection of a gene of bacterial transporter LmrA into
human cells showed the high conservatism of the pro-
teins of this family [12]. The LmrA protein determines
resistance of the bacterium Lactococcus lactis to antibi-
otics. In human lung cells transformed by the LmrA
gene a polypeptide of molecular weight 66 kD was found
in the cell membrane. Transfected cells had resistance to
the drugs of the Pgp-MDR group: anthracyclines, vinca
alkaloids, ethidium bromide, rhodamine. Inhibitors of
Pgp activity removed this drug resistance [12]. Thus
these experiments have shown that bacterial transporter
can carry out a role inherent in Pgp in human cells.

There is an opinion that the binding sites of the dif-
ferent substances on a molecule of the protein differ.
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cell membrane

Fig. 1. Proposed structure of the multidrug resistance protein P-glycoprotein (Pgp): /) transmembrane domains (indicated by rectangles);

2) ATP-binding domains (framed by oval) (after [11]).

Mutational analysis of the Pgp coding gene suggested
that Pgp directly interacts with its substrates. The bind-
ing sites of the protein substrates are obviously located
in transmembrane domains or directly under the mem-
brane [13]. Until recently the chemical nature of wide
substrate specificity of Pgp and a number of other ABC
transporters remained mysterious. Their ability to trans-
port substances of a different chemical nature and mech-
anisms of action greatly differs from the strict specifici-
ty of the majority of known ligand-binding proteins. A.
A. Neyfakh and co-authors have shown by means of
crystallography that the unfolding of an a-helix (the lig-
and-binding domain) is needed for substrate binding by
the bacterial protein BmrR. Then an internal drug-bind-
ing pocket with a negatively charged glutamate become
exposed and binds positively charged ligands with high
affinity [14]. It is possible that the functioning of Pgp is
carried out on same way. BmrR, a transcription regula-
tor in Bacillus subtilis, activates the Bmr transporter in
response to the binding with BmrR of various inducers
including some Pgp substrates [14].

Gene MDRI1 coding P-glycoprotein, genetic mecha-
nisms of Pgp-MDR. Human Pgp is coded by gene
MDRI that is a member of the MDR family. The gene
is located on chromosome 7 (7q21.1). The MDR family
includes two genes in man (MDRI and MDR?2) and
three in rodents (mdrl, 2, 3). By means of gene transfer
it was shown that only one human gene (MDR]/) and
two rodent genes cause MDR. Mutations in some sites
of the MDRI gene can result in the changes in the cross-
resistance pattern, i.e., in the binding of certain sub-

strates by the protein. The introduction into cells of the
MDR?2 gene did not result in drug resistance [15]. The
product of the MDR2 gene (mouse mdr2) is present at
high amount on the surface of cells of bile canaliculi,
functions as a flipase, and transports phosphatidyl-
choline into the bile [16].

MDR can occur both due to alteration of MDRI
gene expression and to increase in the dose of a gene—
amplification of a fragment of the genome containing
the MDRI gene and five or six genes linked to it [17].
Amplification is found usually in cultured cell lines with
high levels of Pgp-MDR, but not in a samples from
patients. MDR can also result from stabilization of
MDRI] mRNA, regulation at the level of synthesis, and
alterations of protein processing [13]. There is a possi-
bility also that Pgp activity may be influenced directly by
its substrates [13].

The MDRI gene has two promoter regions, the
lower and upper promoters. In tissues and cultured cells
the expression of the lower promoter is usually found.
Thus this promoter is considered as a basic element reg-
ulating the activity of this gene [18]. Transcription of the
MDRI gene is increased due to very different influences,
for example, effects of chemotherapeutics including
those which are not Pgp substrates [19]. It is obvious,
however, that inducibility of a gene MDRI depends on
a cell’s context: diverse inducers in different ways influ-
ence the activity of this gene in different cells. Rather
differing inducers can cause Pgp-MDR. For example,
irradiation of the cultured Chinese hamster cells (the line
CHO) resulted in cell resistance to vincristine, probably
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connected with translational or posttranslational Pgp
modifications [20]. Chemical carcinogens induce the
activity of a mdrl gene in the cells of rat liver; mdrl
activity increases after partial hepatectomy in a regener-
ating rat liver [21]. Some cytokines can induce Pgp-
MDR in some types of the cultured cells. Heat shock
and inducers of cell differentiation were found to influ-
ence the activity of MDRI/Pgp [13]. It is noteworthy,
however, that most of these effects were found only in
particular cell lines; they were strictly dependent on
species and tissue origin of the cells. Thus, it is evident
that the increase of MDRI/Pgp activity resulting from
the action of different inducers is dependent on the par-
ticular conditions (evidently on the activation of certain
signaling pathways in the cell). It is evident also that this
system is easily activated in different situations (not only
under the influence of stress).

Studies of genes and signaling pathways involved
in the regulation of Pgp activity showed that these
pathways (genes) are numerous (or at least there are
several pathways). For example, experiments using
transient transfection of the MDRI promoter region
(linked to a reporter gene) into the cells as well as sta-
ble transfection of some other genes showed that genes
p53, ras, raf, RARa and RARP (receptors of retinoic
acid) can influence the activity of introduced MDRI
promoter or the expression of the endogenous cellular
MDRI [22-24]. Genes c-fos and c-jun also were shown
to influence MDRI activity (the responsive elements
for these transfactors were found in the M DRI pro-
moter) [13, 25]. Protein kinase C, protein kinase A,
and, probably, some other protein kinases were shown
to take part in the regulation of Pgp activity: the results
of experiments using inhibitors of protein kinases sup-
port this statement [13, 26]. The evidence for multiple
regulators of MDRI/Pgp activity supports the notion
of the great importance of this defense system for the
life of the cell (the regulation is duplicated many times
for cell safety).

Expression of Pgp in normal tissues and cells. Pgp is
expressed in different tissues differently—from a very
low, indefinable level of expression (for example, in epi-
dermal cells or pneumocytes) up to high levels (for
example, in cells of the cortex of adrenal gland, mucosal
cells of the colon) [27]. The degree of M DRI expression
in these tissues greatly differs (Table 4). Immunoche-
mical technique revealed intensive and comparatively
homogeneous staining of Pgp expressing tissues. This is
true for the adrenal cortex, epithelial cells lining cavities
(colon mucosal cells, cells of kidney tubular epithelium,
placental trophoblasts) and also for endothelial cells of
the brain and testicular capillaries. The different degree
of the Pgp expression was also revealed in the blood
cells. Stem cells and early progenitors in normal bone
marrow (cells expressing CD34 antigen) also express
functionally active Pgp [28]. Then both Pgp expression
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and its functional activity are gradually reduced in the
process of myeloid cell differentiation [29]. It is clear
that malignancies occurring from the Pgp-expressing
cells will have an intrinsic MDR, while the tumors aris-
ing from Pgp non-expressing cells will not have this type
of drug resistance. It is clear also, that normal lympho-
cytes can sometimes determine the activity of Pgp in the
samples of peripheral blood of a patient.

The tissue specificity of Pgp expression raises a
question of its physiological function in the organism. A
study of mice with M DRI gene knockout show that the
main function of this protein is the defense of an organ-
ism from a toxic injury [30]. Pgp carries out “barrier”
functions, protecting cells from harmful substances con-
tained, for example, in the cavity of the colon. There is a
supposition that Pgp supports the necessary level of
steroid hormones in the adrenals. The pattern of Pgp
and MRP expression in the choroid plexus of the brain
suggests a role of these proteins in the blood-brain bar-
rier [31]. The high inducibility of MDRI1/Pgp is probably
connected with physiological functions of Pgp in the
organism.

Significance of Pgp-mediated MDR (Pgp-MDR) for
the therapy of malignancies. In some malignant diseases
expression of active Pgp (or overexpression of the MDR1
gene) is often found at diagnosis of the malignancy.
Usually it is connected with the type of the cells from
which the tumor arises. Thus this is an intrinsic MDR
connected with the tissue origin of tumor cells. Untreated
carcinomas of the colon, kidney, hepatomas, adrenal
tumors, pheochromocytomas, and some other malignan-
cies demonstrate high levels of MDRI gene expression
[32]. Some hematological malignancies—acute myeloid
leukemia, chronic lymphatic leukemia, adult T-cell lym-
phomas—are also usually characterized by the MDR
connected with the type of the cells from which a malig-
nancy arose [32]. The investigation of the cell differentia-
tion pattern in the material from the patients with some

Table 4. Expression of the MDRI gene in normal
human tissues (after [27])

Tissue mRNA level
Skin, muscles 1
Jejunum 20
Lung 20
Liver 25
Colon 31
Kidney 51
Adrenal 160
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leukemias (for example, the cells from patients in blast
crisis of chronic myeloid leukemia) shows that some
cases of MDR can be connected with the proliferation of
the cells of certain type of differentiation (with intrinsic
Pgp expression), although this type of tumor usually
originates from the Pgp-non-expressing cells [33]. Thus,
in some cases Pgp may be a marker of the certain type of
cell differentiation.

The increase in the number of cases with Pgp over-
expression after tumor therapy is often used as a reason
in favor of the role of acquired MDR in tumor therapy
failure. The correlation between M DR I/Pgp overexpres-
sion and ineffective treatment is also employed as this
reason. The results suggesting the importance of Pgp-
MDR for outcome of tumor treatment were obtained in
experiments of this kind for lung and ovarian adenocar-
cinomas, breast cancers, and sarcomas (including
osteosarcomas) [32]. The significance of Pgp-MDR has
been most thoroughly documented in hematological
malignancies. Pgp-positivity was revealed in 30-50% of
acute myeloid leukemia cases (data of different studies),
and this protein was more often found after courses of
chemotherapy in the patients resistant to the treatment
[34]. Multiple myeloma is a good example of a disease
where Pgp-MDR results from the treatment. While at
diagnosis of the disease approximately 6% of the
patients are found to be Pgp-positive, after therapy
(especially treatment using the VAD scheme—vin-
cristine, doxorubicin, dexamethasone) up to 85% resist-
ant to treatment patients become Pgp-expressing [34].

In acute myeloid leukemia M DRI overexpression is
often associated with the phenotype of immature cells—
expression of CD34 antigen [34]. A positive correlation
between Pgp and CD34 expression was found also in
myelodysplasias. Thus, in the most cases of acute
myeloblastic leukemia and myelodysplastic syndrome
Pgp-MDR is connected with the proliferation of the
early hematopoietic progenitors. The same is true for
another myeloproliferative disorder: in blast crisis of
chronic myeloid leukemia we have found the correlation
of the expression of functionally active Pgp and the
expression of the antigens of early myeloid differentia-
tion—CD34 and CDI13 [33]. Pgp detection in patients
with acute myeloid leukemia (especially in association
with CD34) means poor prognosis for treatment out-
come. However, it is not clear whether all the cases of
the disease progression are due to Pgp activity. It is nec-
essary to do repeated examinations during the evolution
of the disease in order to reveal the significance of Pgp
for the therapy failure. These data are scarce. Our stud-
ies of chronic myeloid leukemia show that among the
patients Pgp expressing cells disappear under therapy
using drugs that are Pgp substrates (instead of multiply-
ing under these conditions) [33]. Thus, in these cases
expression of the active Pgp most likely does not pro-
duce cell viability under therapy pressure. However, we
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have found that detection of Pgp on blast cells in periph-
eral blood of a patient at the blast crisis diagnosis seems
to predict more rapid progression of the disease [33]. All
these data show that connections between the expression
of MDR proteins and the outcome of a tumor therapy
are not very simple. Our results may be explained by a
combination of different MDR mechanisms in the cells,
while Pgp serves as a marker of the activation of several
systems defending cells against cytostatic drugs.

Although caution is needed for the comparison of
the results of various studies, it is possible to state that
in a part of the cases of malignant diseases Pgp plays a
role in the reaction of the patients to therapy: sometimes
Pgp expression can serve as a sign of a poor prognosis of
the disease; however, even in these cases Pgp not always
determines by itself the resistance of the patients to the
treatment.

Reversion of Pgp-MDR. The clinical significance of
Pgp called the attention of many researchers and phar-
maceutical companies to the examination of ways to
inhibit Pgp activity. Many types of compounds were
found to overcome Pgp-MDR in experiments: calcium
channel blockers (e.g., verapamil, nifeldipin), hypoten-
sive drugs (reserpine), antibiotics (cephalosporins, gram-
icidin, puromycin) immunosuppressors (cyclosporin A
and its derivatives), and many other lipophilic com-
pounds [35]. All of these diverse compounds are
hydrophobic and have a low-molecular-weight aromatic
ring in the molecule. Some of these compounds (for
example, verapamil) bind to the Pgp molecule and inhib-
it in a competitive manner the binding or transport of
drugs that are Pgp substrates. These numerous Pgp
inhibitors were found in experiments with cultured cells
selected for Pgp-MDR. The experiments show that the
problem of Pgp reversal is complex: for example, in cells
with 200-fold resistance to vinblastine, verapamil
induced twofold decrease of vinblastine resistance, but
cross resistance to doxorubicin remained unchanged
[36]. Clinical testing showed that it is difficult to obtain
the necessary concentration in the patient’s blood for
most of the Pgp-MDR modifiers because of their toxici-
ty and grave side effects [35]. Less toxic and more effec-
tive Pgp inhibitors were developed, among them
cyclosporin derivative PSC-833 and verapamil R, a vari-
ant of verapamil. However, these substances also have
no clinical success, probably due to the fact that MDR
is caused by the activity of several proteins (not only by
Pgp activation). In recent years anti-Pgp monoclonal
antibodies were suggested as modifiers of Pgp-MDR;
however, they are still under clinical testing.

1.2. Multidrug Resistance Mediated by MRP Protein

MRP (Multidrug Resistance-associated Protein)
was discovered in 1992, thus the results elucidating its
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role in the evolution of malignant tumors are not so
numerous as the data obtained in the studies of Pgp.
This protein, with molecular weight ~190 kD con-
tributes resistance to tumor cells to almost the same
antitumor drugs as Pgp. It also functions as an energy-
dependent (ATP-dependent) pump excluding toxic sub-
stances from the cell. MRP (like Pgp) belongs to the
family of ABC transporters [37]. The role of MRP in
drug resistance is shown by means of the introduction of
the MRP gene into cells [38]. Functional activities of
MRP and Pgp transporters are different: for its function
as a drug effluxing pump, MRP needs cellular glu-
tathione. The protein is one of the transporters of glu-
tathione conjugates (so-called GS-X pumps) [39, 40].
Recently several genes and proteins of the MRP family
were found in very different species—from man to bac-
teria [40]. One of them is the cMOAT protein (MRP2);
it is also a GS-X pump specifically located on the apical
surface of hepatocytes lining the cavities of the bile
canaliculi [40]. Rats lacking this protein are unable to
secrete bilirubin glucuronides into the bile [40]. The role
of cMOAT in MDR needs to be determined. It has been
shown, however, that this protein can transport vinblas-
tine, which is a classical Pgp and MRP substrate.

MRP determines the resistance of cells almost to
the same substances as Pgp; however, the patterns of
cross-resistance have some differences. MRP-expressing
cells usually have lower cross-resistance to taxol than
Pgp-MDR cells [39]. In normal (drug sensitive) cells
MRP proteins are apparently transporting glutathione
conjugates, which are important both for the normal life
of the cell and play a role in inflammation. MRP expres-
sion is increased in the bronchial epithelium, its overex-
pression possibly being involved in the pathogenesis of
bronchial asthma [37].

MRP has been found to be expressed at a low basal
level in many tissues including all the peripheral blood
cells (regardless of cell lineage) [37]. Blast cells of periph-
eral blood from patients with acute myeloid leukemia
also demonstrated a similar low level of expression [41].
Some new results show that in drug resistant cases of
acute myeloid leukemia MRP expression is higher than
in the cases where complete remission is obtained. More
cases in which cells expressed higher MRP levels were
found in chronic lymphoid leukemia. There are few
studies of the determination of MRP functional activity,
but the necessary assay is already established. The appli-
cation of this assay together with the techniques evalu-
ating protein expression by the cells will give in the
future more definite results.

Although the clinical significance of MRP is not yet
clear, the search for inhibitors of the activity of this
MDR protein is active. It was already found that effec-
tive inhibitors for MRP and Pgp are different, though
some Pgp modifiers can in part inhibit MRP functional
activity. Genistein was shown to inhibit daunorubicine
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uptake in cells with MRP overexpression but not in Pgp-
expressing cells. Genistein is very toxic and cannot be
used for the therapy of patients; however, it is used in
assays determining MRP functional activity. Inhibitors
of glutathione synthesis and protein kinase C inhibitors
are also used [42].

1.3. Multidrug Resistance Mediated by LRP Protein

The MDR protein LRP (Lung-Resistance-related
Protein, molecular weight 110 kD, discovered in 1993) is
found not on the cell membrane (like Pgp and MRP),
but in the cytoplasm. It is expressed by the cells of nor-
mal epithelium and cells of tissues which are exposed to
toxic substances. LRP is a major protein of ribonucleo-
protein cell particles named “vaults” [43]. The function
of these organelles is not yet known, but it was suggest-
ed that they can participate in the transport of a sub-
strates from the nucleus to the cytoplasm. In the cell
LRP is often associated with vesicles and lysosomes; this
fact connects its function with drug transport and drug
sequestration into vesicles. Probably, after this a drug
can be excluded from the cell by exocytosis [44]. There
are data suggesting that LRP may cause MDR in
patients with ovarian cancer and acute myeloid
leukemia [45, 46].

2. DRUG RESISTANCE MEDIATED
BY DETOXIFICATION OF THE DRUG
IN THE CELL

The cellular glutathione (GSH) system is a critical
component of detoxification of cytostatics in the cell.
Glutathione, a non-protein thiol, can interact via its thiol
with the reactive site of a drug, resulting in conjugation
of the drug with glutathione (Fig. 2). The conjugate is
less active and more water-soluble, and it is excluded
from the cell with the participation of transporter pro-
teins named GS-X (including MRP). Increased levels of
glutathione were found in cell lines resistant to alkylating
agents (e.g., nitrogen mustard, chlorambucil, melphalan,
cyclophosphamide, BCNU) [47]. The enzymes glu-
tathione S-transferases (GST) catalyze the interactions
between glutathione and alkylating drugs, increasing the
rate of a drug detoxification (Fig. 2). So activation of
these enzymes can cause cellular drug resistance [47].
Numerous studies have been dedicated to these enzymes.
Enzymes which catalyze glutathione synthesis also could
mediate drug resistance; however, their role in this phe-
nomenon is not yet clear. Resistance of tumor cells to
drugs of Pgp-MDR group (anthracyclines, vincristine)
can also be connected with alterations of the GSH system
[47, 48]. In cells with Pgp-MDR, increased levels of a
GST isoenzyme, GSTTt, is frequently found [47]. It is
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Fig. 2. Reaction of the binding of alkylating drug (chlorambucil) with the glutathione molecule and conjugate (monoadduct) formation.
The SH group of glutathione binds the reactive group of chlorambucil. GSTa and GSTmare some glutathione S-transferases catalyzing

the reaction.

probable that genes of several defense systems are coor-
dinately regulated in these cells.

Introduction into mammalian cells of the genes of
various GSTs has produced some lines with modest lev-
els of resistance to alkylating agents [47]. Although two-
three-fold resistance to alkylating agents may not have
clinical significance, these data are important: it is prob-
able that several defense system are activated simultane-
ously in the cell and this can give ground for further
selection of MDR cells. Transfection of human GSTs
genes into the cells of the yeast Saccharomyces cerevisiae
conferred significant levels of resistance to adriamycin
and chlorambucil [49]. These experiments, like the
experiments with Pgp, show that this cell defense system
is very old.

Inhibitors of the activity of glutathione S-trans-
ferases are considered as most potent modifiers of this
type of drug resistance. Thus ethacrynic acid (usually
used as diuretic) is now under clinical trial as a modula-
tor of GSH-mediated drug resistance [50]. BSO
(buthioninesulfoximine) decreases intracellular levels of
glutathione and thereby overcomes resistance to alkylat-

ing agents [47]. BSO is used as a modifier of MRP-medi-
ated MDR in experiments with cell cultures [38]. GSH is
implicated in the results of the treatment of lymphomas.
Increased GST activity has been observed in patients
with chlorambucil-resistant chronic lymphocytic
leukemia [51]. There was a supposition that GST expres-
sion may have prognostic value at early cases of breast
cancer [52, 53]. It must be noted, however, that like in
the Pgp studies, drug resistance connected with the alter-
ations of the GSH system cannot completely explain
drug resistance of cancer patients to a treatment.
Moreover, there is much less reason for the benefit of
the clinical importance of this type of MDR than for the
Pgp-MDR, although the number of studies is large.

3. DRUG RESISTANCE MEDIATED
BY ALTERATIONS OF DRUG TARGETS
OR BY ENHANCEMENT OF TARGET REPAIR

Some anticancer drugs are inhibitors of topoiso-
merases (topoisomerase I, more often topoisomerase II).
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These drugs stabilize the DNA-topoisomerase complex
which in normal circumstances is easily decomposed. In
cell lines selected for the resistance to topoisomerase I11-
inhibiting drugs the activity or the quantity of this
enzyme are reduced [54]. Mutations in topoisomerase 11
gene were found; presumably they are the cause of some
cases of this drug resistance [54]. This type of drug resist-
ance arises to adriamycin, daunorubicine, mitoxantrone,
etoposide, etc. Thus, the majority of the substances
interacting with topoisomerase II are also substrates of
Pgp and MRP. The clinical significance of this type of
MDR is not yet clear. Experimental studies showed that
the combination of a drug and Pgp modifier can pro-
duce MDR mediated by topoisomerase II alterations. It
is evident that this type of drug resistance sometimes
occurs in cells in association with other drug resistance
mechanisms.

Another probable way of drug target alteration is
an increase in the quantity of target protein in the cell.
For example, in a number of cultured cell lines resistant
to methotrexate increased levels of dihydrofolate reduc-
tase (DHFR, target protein of methotrexate) was found.
This increase was due to the amplification of the DHFR
gene. However, this type of drug resistance is not multi-
ple drug resistance.

Enhanced DNA repair is probably implicated in
drug resistance to the drugs interacting with DNA, for
example, to nitrosomethylurea or platinum derivatives.
Resistance to BCNU (carmustine) is correlated with the
expression of chloro-O-6-alkylguanine-DNA-alkyl-
transferase. Changes in the quantities of proteins recog-
nizing and repairing DNA injury (ERCC1, ERCC2, and
ERCC3/XPB) were found in cultured cells with altered
sensitivity to platinum complexes [55]. Some of these
cells are resistant to several drugs; however, the number
of drugs to which cells are cross-resistant is not as large
as in cells with Pgp-MDR.

4. THE ROLE OF KEY GENES CONTROLLING
APOPTOSIS IN THE DRUG RESISTANCE
OF TUMOR CELLS

4.1. p5S3 and Multidrug Resistance of Tumor Cells

The gene p53 and the genes regulated by p53 are
critical elements of the cell response to stress, including
cell reactions upon the influence of antitumor drugs (see
reviews of B. P. Kopnin and P. M. Chumakov in this
issue). Normal p53 protein is activated in response to
different cell injuries and its alterations result in cell
cycle arrest or apoptosis. Thus, injured cells either are
eliminated from the cell population or they repair dam-
aged DNA. Alterations of p53 are very frequent in
tumors, and these alterations result in impaired p53
function: the cells become unable to die by apoptosis or
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to stop in cell cycle checkpoints after damage. Thus,
alterations of p53 function can a priori result in changes
of tumor cell sensitivity to the drugs, in particular, in
multidrug resistance.

Different influences activate p53: various DNA
damaging agents, altered ribonucleotide pools, changes
in redox potential, disruption of mitotic spindle, etc.
[56]. Many anticancer drugs kill the cell using some of
these mechanisms, thus it is evident that most cytostat-
ics have to be p53 activators. Indeed, a large study done
in the National Cancer Institute of the USA (60 cell lines
and more than 100 anticancer drugs were examined)
revealed a positive correlation between p53 status and
cell sensitivity to cytotoxic drugs [57]. Cells with mutant
p53 more often were more resistant to the drugs with dif-
ferent mechanisms of action (for example, to cisplatin
and 5-fluorouracil) than cells with wild-type p53. These
data stress the importance of p53 in the tumor sensitivi-
ty to chemotherapy.

It is evident, however, that this problem is not very
simple. Studies of p53 regulation show that the type of
modifications activating this protein is stress-, tissue-,
and species-dependent and also depends on the type of
amino acid mutation in p53 [56]. Different injuries acti-
vate p53 in different ways, this activation being realized
through different signaling pathways [56]. These and
perhaps some other peculiarities of p53 regulation deter-
mine significant differences of the reactions of the dif-
ferent tumor cells to the same injury as well as the dif-
ferent effects of various agents on p53 in the cell.
Examples of these different effects are: p53 activation by
DNA damage resulting in death (apoptosis) of human
fibroblasts; however, the proliferation of a rodent
fibroblasts was only temporary delayed [58]. One of the
studies showed that p53 hyperexpression in human lung
cells H1299 increased cisplatin cytotoxicity, but protect-
ed the cells from the toxic action of vepeside [59]. In
other cells (mouse thymocytes) p53 induced apoptosis
under the influence of the same drug (vepeside) [58].
Antiapoptotic effects of p53 (instead of the expected
proapoptotic action) have been described in several
papers.

Thus, it is evident that p53 function is very impor-
tant in the tumor cell sensitivity to cytostatics; however,
the type of the p53 influence on the drug resistance
depends on many parameters: on mechanisms of the
action of a drug, species and tissue lineage of the cells,
and, evidently, on the genetic changes arising during car-
cinogenesis and tumor progression (including the differ-
ences of the genetic changes of p53 itself).

The proteins whose syntheses are controlled by the
transcriptional regulator p53 (p21V*"!, MDM) can also
influence cell sensitivity to the drugs. The results in favor
of their significance for the drug resistance of tumor cells
are like the data for p53. Sometimes the effects of p53
and of the genes controlled by this protein may differ.
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4.2. Antioncogene PTEN and Drug Resistance
of Tumor Cells

Another system influencing drug resistance is the
signaling pathway which involves the PTEN gene.
PTEN is the tumor suppressor with sequence homology
to tyrosine phosphatases and tensin, a protein associat-
ed with the actin cytoskeleton in focal adhesions (see
review of B. P. Kopnin in this issue). PTEN protein is
capable of dephosphorylating both phosphotyrosine
and phosphothreonine-containing substrates. The func-
tion of PTEN as a tumor suppressor is evidently con-
nected with its ability to be a negative regulator of phos-
phatidylinositol 3'-kinase (PI3'’K) PKB/Akt signaling
pathway [60]. Protein kinase B/Akt is a crucial regulator
of cell survival. Thus, negative influence of PTEN on
cell survival in harmful surrounding can increase cell
sensitivity to chemotherapy. Inactivation of PTEN can
result in drug resistance.

Indeed, PTEN-deficient cells demonstrated resist-
ance to a number of injuring (apoptosis inducing)
agents: UV irradiation, TNFa, cycloheximide, ani-
somycin, sorbitol, heat shock [60]. In these resistant cells
the activity and phosphorylation of kinase PKB/Akt
were increased.

4.3. Influence of the BCL-2 Oncogene and Other Genes
of the BCL-2 Family on the Drug Resistance
of Tumor Cells

BCL-2 is an oncogene which contributes to tumor
occurrence due to inhibition of apoptosis (see review of
B. P. Kopnin in this issue). BCL-2 is a member of a large
family of genes coding both anti-apoptotic proteins (for
example, Bcl-2, Bcl-X; ) and pro-apoptotic proteins
(Bax, Bad Bic, etc.) [61]. Polypeptides coded by these
genes can heterodimerize and the combination of the
members of these heterodimers can determine their
influence on apoptosis [61]. Bcl-2 protein is able to
inhibit the apoptosis induced by p53 in response to
genotoxic stress [62]. There are data showing that Bcl-2
overexpression results in the resistance of a cells to dif-
ferent drugs [63]. It was shown also that BCL-2 gene
expression may have a negative prognostic value for
some tumors, for example for bladder cancer and hema-
tological malignancies (both lymphoid and myeloid
leukemia) [64].

4.4. CD95-LICD9S5 (FasL/Fas) System
and Drug Resistance

The ligand/receptor system CD95-L/CD95
(FasL/Fas or APOL1) is very important for the apoptosis
of some cells. Ligand CD95-L (ligand, the substance
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binding with receptor) is an integral membrane protein
which can be released from the cells and can act in the
same way as soluble growth factor or cytokine [65].
There are another cytokines which, like CD95-L, induce
apoptosis—tumor necrosis factor (TNFa), TRAIL, etc.
When CD95-L (or other cytokine with the same mode of
action) binds to its receptor, the apoptotic signaling
pathway is switched on.

There are data demonstrating the involvement of
the CD95-L/CD?95 system in drug-induced death of can-
cer cells and suggesting a contributory role of the alter-
ations of the function of this system in the occurrence of
drug resistance [66]. It was shown that lymphocytes of
mice with the mutation in the gene coding CD95 recep-
tor and cell lines resistant to CD95-L are resistant to a
number of chemotherapeutic drugs [67-69]. The
inhibitors of this signaling pathway inhibited drug
induced apoptosis. However, some studies (using sever-
al cell lines) showed that the CD95-L/CD95 system is
not involved into the drug induced cell death [70, 71].
Thus, the influence of this system on the cellular drug
sensitivity is not straightforward and depends on a num-
ber of parameters (as was described here for other mech-
anisms of drug resistance).

5. CONCLUSIONS

The results of studies of the mechanisms of mul-
tidrug resistance of tumor cells show that these mecha-
nisms are many. So far we have described only some of
these mechanisms. For example, the influence of
changes in the rate of proliferation on cell drug sensitiv-
ity was not analyzed in this paper. New discoveries of
genes and proteins mediating cell defense from injury
are on the way. The multiplicity and diversity of MDR
mechanisms hamper precise diagnosis of the causes of
the a patient’s resistance to therapy as well the creation
of reasonable protocols of MDR reversion.

The analysis of MDR mechanisms shows that the
sensitivity of tumor cells to the therapy is dependent on
cell context—on the combination of peculiarities of the
regulatory pathways connected with the species and tis-
sue lineage of the cell and also with genetic alterations
arising in the cells during carcinogenesis and tumor pro-
gression. These phenomena also make difficult the diag-
nosis of the causes of MDR.

Although the mechanisms of drug resistance are
multiple, some of them seem to be more significant—
those which are found more often and whose clinical sig-
nificance has been determined. These mechanisms are:
alterations of the genes and proteins controlling apopto-
sis and survival of tumor cells (especially alterations of
p53 and Bcl-2, sections 4.1 and 4.2); increase in the activ-
ity of the transporter protein Pgp; activity of the glu-
tathione system (sections 1.1 and 2). Negative results of
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studies of the clinical significance of these key mecha-
nisms are not rare, although most of the data show that
they play a role in the determination of drug resistance.
Thus, further studies are needed to prove the significance
of the different resistance mechanisms for to occurrence
of MDR in patients. Probably, the number of the genes
and proteins studied for the determination of the causes
of MDR have to be different for different tumors; the
choice may depend on the pattern of protein (for exam-
ple, Pgp) expression in the normal tissue and also on the
alterations of the genes causing this type of malignancy.

In choosing the techniques for MDR studies it is
necessary to remember that usually several different
mechanisms of drug resistance are operating in the same
cell, although there are mechanisms of resistance more
often found after the influence of a particular drug on
particular cells. For example, the resistance to cisplatin
can be connected with the activation of the glutathione
system, increased efflux of the drug, alterations in apop-
tosis regulation, and increased DNA repair [55].

Different mechanisms of drug resistance may co-
exist in the same cell and they may be interconnected.
For example, the inhibition of wild type p53 (inhibition
of drug induced apoptosis) may result in the activation of
Pgp [72]. Thus two different types of MDR proved to be
connected: MDR mediated by the impaired function of
p53 and MDR connected with the activation of Pgp. In
section 1.2 we have already discussed the interconnec-
tions between MRP protein and the glutathione system.

The different methods for the determination of the
individual sensitivity of a patient’s cells to the number of
the drugs were developed. The most popular now is a set
of techniques using primary cultures of a patient’s cells
and the testing of the sensitivity of these cells to the set
of different drugs. The techniques used are: the tests of
drug influence on cell proliferation; evaluation of the
expression of the MDR genes and proteins (Pgp, Bcl-2,
enzymes of glutathione system, etc.) and some other
tests [73]. The set of these tests already permitted the
choice of the necessary treatment of some children with
leukemia.

For studies of the defense systems of the cell, the
most important are the investigation of the signaling
pathways participating in the regulation of the different
systems and the evaluation of the connections between
different signaling pathways.

This study was supported by a grant from the
Russian Foundation for Basic Research No. 99-04-48617.
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