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Imatinib is a substrate for various multidrug resistance proteins
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An increasing resistance to imatinib is an emerging problem in patients with chronic myeloid leukemia (CML). The aim
of the study was to asses mechanisms related to cellular drug resistance in imatinib-resistant derivates of chronic myeloid
leukemia K-562 cell line. A parental K-562 and its imatinib-resistant derivate cell lines were used. Cell lines were tested
for cytotoxicity of imatinib, cytarabine, busulfan and etoposide by the MTT assay. The cytotoxicity was expressed as IC50,
inhibitory concentration for 50% of cells. Multidrug resistance proteins expression, rhodamine retention and daunorubicin
accumulation were measured for each cell line. Continuous exposition of K-562 cell line to 0.01-0.02 mM imatinib resulted
in development of resistance, while exposition to 0.1 uM imatinib increased cell sensitivity to this drug. There was a high
correlation between PGP, MRP1 and LRP expression and IC50 values for imatinib and etoposide. All tested cell lines were
highly resistant to cytarabine. Rhodamine retention alone and in the presence of cyclosporine was the lowest in imatinib-
resistant K-562R-0.1 cell line, what suggest high PGP activity in this cell line. The highest daunorubicin accumulation was
observed in parental K-562 cell line, while it was lower in imatinib-resistant cell lines. These data suggest that imatinib is
a substrate for multidrug resistance proteins, and an increased expression of PGP, MRP1 and LRP play a role in resistance

to imatinib in CML.
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Chronic myeloid leukemia (CML) is a clonal myelopro-
liferative disorder that arises in the stem cell compartment.
CML is a biphasic disease, occurring in all age groups,
characterized by an initial chronic phase that progresses
through accelerated phase to the terminal blast crisis phase
[1]. The molecular cause of the disease is the BCR-ABL
gene rearrangement, which occurs as the result of a reciprocal
translocation between chromosomes 9 and 22 [1]. This trans-
location produces the oncogenic fusion BCR-ABL protein,
with a constitutive tyrosine kinase activity, with maintained
autophosphorilation and substrate activation [2]. The subse-
quent dysregulation of the ABL protein leads to enhanced
proliferation, resistance to apoptosis, and altered adhesion,
which are the key characteristics of CML cells [3].

The first drug which inhibits ABL tyrosine kinases is
imatinib mesylate. This 2-phenylaminopyrimidine derivative
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potently inhibits cellular ABL, BCR-ABL kinases and two
receptor tyrosine kinases: c-KIT and PDGFR. Imatinib is the
first molecular targeted therapy drug, that has shown clinical
success in patients with CML [2,4-5]. The introduction of
imatinib has revolutionized management of the disease, as it
induced complete cytogenetic response up to 90% of chronic
phase CML patients, including those resistant or refractory
to interferon-a [6]. While most of these responses are stable,
resistance to treatment after an initial response is common in
more advanced phases of the disease.

Response to imatinib therapy can be defined at hemato-
logic, cytogenetic or molecular level [3]. Lack of response
was classified by an international consensus panel as a failure,
suboptimal response and warning signs [7]. Currently, the
issue of resistance is more complex than simply lack or loss
of some predefined response. This absence of response is
known as primary resistance or, more appropriately, primary
refractoriness. Patients that achieve a certain level of response
— i.e. haematological, cytogenetic, or molecular — and that
subsequently lose that response, can be described as having
acquired resistance [3].
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A number of mechanisms of resistance to imatinib is
known, including: clonal evolution with the development of
novel chromosome abnormalities; overexpression of BCR-
ABL associated with amplification of BCR-ABL; mutations
in ABL-kinase domain; overexpression of the multidrug-re-
sistant P-glycoprotein (MDR-1, multidrug resistance) [5,8-13].
Important factors involved in the process of resistance are also
gastrointestinal absorption, plasma protein binding, drug
efflux and influx, enzymatic inactivation, defects in apoptosis
or repair mechanisms.

The aim of the study was to asses mechanisms related to
cellular drug resistance of imatinib-resistant derivates in
chronic myeloid leukemia K-562 cell line.

Materials and methods

Cell line. Parental, imatinib-sensitive K-562 cell line and
imatinib-resistant K-562-derivative cell lines (K-562R) were
used in this study. K-562R originated from K-562 cell line by
continuous incubation with low doses of imatinib: in concen-
tration of 0.01 uM (K-562R-0.01), 0.02 pM (K-562R-0.02)
and 0.1 pM (K-562R-0.1) imatinib. Resistant cell lines were
obtained within 2-4 weeks, after stable culture was obtained.
All cell lines were maintained in RPMI 1640 (Sigma Chemical
Co. St. Louis, MO, USA) supplemented with heat-inactivated
20% fetal calf serum (FCS, Gibco BRL Life Technologies,
Paysley, UK), 100 IU/ml penicillin (Polfa Tarchomin,
Tarchomin, Poland), 100 pug/ml streptomycin (Polfa Tarchomin,
Tarchomin, Poland), 0.125 pg/ml amphotericin B (Bristol-
Meyers Squibb, La Defense, France), 200 pg/ml gentamicin
(Krka, Novo Mesto, Slovenia), 2 mM L-glutamine, 5 ug/ml
insulin, 5 pg/ml transferine and 5 ng/ml sodium selenite (all
Sigma).

Drugs. Imatinib (Glivec, Novartis Pharma GmbH,
Nurnberg, Germany) was dissolved in dimethyl sulfoxide
(DMSO) to a final concentration of 10 mM and stored in
aliquots in —20°C. Further imatinib dilutions was made with
RPMI 1640. Imatinib was tested in concentrations range
0.0625-2 uM. Others drugs used in the study included:
cytarabine (EBEWE Pharma GmbH, Unterach, Austria, con-
centration range 0.0097-10 pug/ml), busulfan (Pierre Fabre
Medicament, Boulogne, France, 0.0125-0.4 pug/ml) and
etoposide (Bristol Myers Squibb, Sermoneta, Italy, 1.56 — 50
wg/ml).

The MTT viability assay. The MTT viability assay was used
to asses cytotoxicity of tested drugs, as it was previously de-
scribed [14]. All experiments were performed in triplicate,
and the data were confirmed to be reproducible. The cytotox-
icity was expressed as IC50, inhibitory concentration for 50%
of cells.

Multidrug resistance proteins. Multidrug resistance pro-
teins: P-glycoprotein (PGP), Multidrug-Resistance Related
Protein-1 (MRP1) and Lung-Resistance-Protein (LRP) were
measured for each sample by flow cytometry (Epics XL,
Coulter Miami, FL, USA). Human: anti-PGP (clone JSB-1,

and isotype control of mice IgG1), anti-MRP1 (clone MRPr1,
and isotype control of rat IgG2a) and anti-LRP (clone LRP
56, and isotype control of mice IgG2a) antibodies were used
to determine an expression of respective proteins (all: Alexis
Biochmicals, Lausanne, Switzerland). PGP, MRP1 and LRP
proteins expressions were measured using mean fluorescence
intensity (MFI) corrected by isotype control. The MFI value
of tested proteins was expressed in flow cytometry arbitrary
units [AU]. All assay were performed in at least three inde-
pendent experiments.

Rhodamine retention. For retention studies, rhodamine
(Rh123, Sigma) in concentration 200 ng/ml was used. Rh123
retention in the presence of cyclosporine (CsA) at concentra-
tion of 2 ug/ml, was tested simultaneously. The incubation
time was 30 minutes. (Rh123+CsA)/Rh123 retention ratio was
calculated for each tested sample.

Daunorubicin accumulation. Tested cells at a concentration
of 0.5 x 109 cells/ml were incubated with daunorubicin
(DNR, Rhone Poulenc Rorer, Amstelveen, The Nether-
lands). Accumulation of DNR was determined during
continuous exposure to DNR. To study the retention, cells
were loaded with 10 pg/ml DNR in a pre-warmed medium.
Intracellular DNR fluorescence (FL) was measured by flow
cytometry using the fluorescent properties of the drugs.
DNR was excitated by an argon laser at 488 nm and the
fluorescence signal was collected through a 515-535 nm
(FL1 height), 565-585 nm (FL2 height) and 610-630 nm
(FL3 height) bandpass filter set. The strongest emission
was detected by FL3 filter. The instrument settings for FL.3
heights, forward scatter (FSC) and sideward scatter (SSC)
were kept constant between each two runs of the flow cy-
tometer. The data were analyzed using the SYSTEM 1II v.
3.0 software (Beckman Coulter, Miami, FL) [15].
Daunorubicin accumulation index (DAI) was calculated as
a intracellular drug fluorescence in time.

Statistical methods. Results were given as mean values +SD.
Differences in drug resistance between samples tested for
cytotoxicity and differences in multidrug proteins expression
were analyzed by the ANOVA test for unpaired comparisons
and by the Paired Sample Test for paired comparisons. Corre-
lations between IC50 mean value and multidrug resistance
proteins expression were given with Spearman’s rho followed
by p-values. All reported p-values are 2-sided; p<0.05 was
considered statistically significant.

Results

Continuous exposure to low concentrations of imatinib
(0.01-0.02 uM) caused the development of resistance to
imatinib and etoposide, but not to busulfan in K-562 cell line,
while continuous exposure to higher concentrations of
imatinib (0.1 uM) caused the development of sensitivity to
imatinib in identical cell line. Mean IC50 value for K-562
cell line was 1.14 uM, while it was higher in K-562R-0.01 and
K-562R-0.02 with the values of 1.31 uM and 1.65 uM, re-
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[ K562 1.14+1.21 3.76+0.43 0.07+0.03 >10.00
B K-562R-0.01 1.31£0.97 9.37+4.41 0.07+0.02 >10.00
[] K-562R-0.02 1.65+0.48 46.76+4.57 0.09+0.02 >10.00
[] K-562R-0.1 0.77+0.06 12.30£9.70 0.210.01 >10.00

Figure 1. IC50 mean values for tested drugs.

Continuous exposure to low concentrations of imatinib caused development of resistance to imatinib and etoposide in K-562 cell line, while continuous
exposure to higher concentrations of imatinib caused development of sensitivity to imatinib in K-562 cell line. All tested cell lines were highly

resistant to cytarabine. p-value was calculated by ANOVA test.

spectively. The lowest value of IC50 at 0.77 uM was found in
K-562R-0.1 cell line (Fig. 1). The same trend was observed
for IC50 values for etoposide, whereas resistance to busulfan
was highest in K-562R-0.1 cell line. All tested cell lines were
highly resistant to cytarabine.

Table 1. Expression of PGP, MRP1 and LRP.

With respect to multidrug resistance proteins, continuous
concentration of imatinib 0.01-0.02 uM resulted in induction
of PGP, MRP1 and LRP expression in respective cell lines,
however downregulation of tested multidrug resistance proteins
in K-562R-0.1 was observed (Table 1, Fig. 2). There was a high

K-562 K-562R-0.01 K-562R-0.02 K562R-0.1 p-value
PGP 8.10+0.59 12.50+0.25 12.30+2.40 6.68+0.12 0.001
MRP1 10.86+1.89 14.3+0.24 16.45+1.20 8.15+0.51 <0.001
LRP 7.63+£0.02 12.7+0.53 13.25+0.49 9.73+£0.94 0.001

Comparing to parental K-562 cell line multidrug resistance proteins expression increase in K-562R0.01 and K-562R-0.02 cell line, and then decrease in
K-562R-0.1. Continuous exposition to low imatinib concentrations induct expression of tested multidrug resistance proteins. The expression of PGP,
MRPI and LRP is given in arbitrary units of flow cytometry. p-value was calculated by ANOVA test.

Table 2. Rhodamine retention in tested cell lines.

K-562 K-562R-0.01 K-562R-0.02 K562R-0.1 p-value
Rh123 115.95+1.06 59.70+0.89 77.55+5.16 60.95+2.61 0.005
Rh123+CsA 244.40+0.98 108.40+1.18 164.00+7.07 91.10+4.10 <0.001
p 0.003 0.010 0.003 0.035
(Rh123+CsA)/Rh123
retention ratio 2.10 1.81 2.11 1.49

p-value was calculated by ANOVA test.



IMATINIB AND MULTIDRUG RESISTANCE

205

PGP

MRP1

i " 00

1 ES

LRP

K-562 K-562R-0.01

- — - T — =&u o — ‘. e e

3 3

0 o 2 2 T

K-562R-0.02 K-562R-0.1

Figure 2. Expression of multidrug resistance proteins in K562 and its derivative cell lines.

correlation between multidrug resistance proteins expressions
and IC50 mean value for imatinib and etoposide (Fig. 3).

The highest Rh123 accumulation was observed in parental
K-562 cell line (Table 2) and the lowest one in K-562R-0.1
cell line. Rh123 accumulation in each tested cell line has in-
creased after CsA was added. Rh123 retention in the presence
of CsA was the lowest in K-562R-0.1 cell line, similar as
(Rh123+CsA)/Rh123 retention ratio.

Daunorubicin accumulation index (DAI) was the highest
in parental K-562 cell line, and the lowest in resistant to
imatinib K-562R-0.02 cell line (Fig. 4).

Discussion

Imatinib mesylate is a selective inhibitor of BCR-ABL ki-
nases. An emerging problem is the development of resistance
to imatinib and novel inhibitors of tyrosine kinases [8]. In the
most cases, resistance against imatinib results from kinase
domain mutations and/or over-expression of the BCR-ABL
gene. There are also some cases of resistance that occur
through mechanisms independent on BCR-ABL [16]. Besides
mutations, other mechanisms seems to play an important role
in imatinib resistance.

We have observed that continuous exposition of K-562 cell
line to imatinib at concentration 0.01-0.02 uM caused devel-
opment of resistance, presenting as an increase of IC50 value.
Exposition of K-562 cell line to 0.1uM imatinib induced sen-
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K-562R-0.01

K-562

K-562R-0.1

Imatinib IC50 mean value [puM]

0,51
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Multidrug resistance protein expression [AU]

Sperman’s correlation
« PGP rh0=0.497,p=0.041

4 LRP rho=0.600, p=0.005

= MRP  rho=0.670,p=0.001

Figure 3. Correlation between IC50 mean value of imatinib for cell lines
and expression of PGP, MRP1, LRP.

There was a high correlation between multidrug resistance proteins
expressions and IC50 mean value for imatinib.

sitivity to this drug by decreasing IC50 value. A high correla-
tion between PGP, MRP1 and LRP expression and IC50 for
imatinib and etoposide was also found. Imatinib is known to
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Figure 4. Time-dependent daunorubicin accumulation.

be a substrate for PGP [13,17], however there are contradictory
data about PGP expression in CML and its induction of re-
sistance to imatinib [13, 18-21]. We have found a correlation
between both PGP and MRP1 expression and resistance to
imatinib in K-562-derivative cell lines. Low level of MRP1
is known to be an independent positive predictor to imatinib
treatment in patients with myeloid blast crisis [22], however
some authors suggest that imatinib is not a substrate for MRP1
[17,18].

Currently, no data are available if imatinib is a substrate
for LRP. We have shown that LRP expression correlates with
imatinib resistance, thus indicating imatinib as a substrate
for LRP. To our knowledge, this is the first study to show this
relationship. Since PGP, MRP1 and LRP proteins play an im-
portant role in multidrug resistance of leukemic cells through
decreasing the intracellular drug concentration, overcoming
this mechanism may have an important role in circumvention
of resistance [23].

Rh123 is a substrate, being actively effluxed of the cell by
PGP, and is known as an indicator of functional activity of this
transmembrane protein. CsA is an inhibitor of PGP, MRP1,
LRP, and is supposed to be inhibitor of other multidrug resis-
tance proteins [24]. The lowest Rh123 retention was observed
in imatinib-resistant K-562R-0.1 cell line. Rh123 retention in
the presence of CsA as well as (Rh123+CsA)/Rh123 retention
ratio reached also the lowest values in this cell line. Altogether,
in the most imatinib-resistant cell line (K-562R-0.1), the high-
est PGP activity and the lowest CsA modulating activity was
observed. The same results were observed for MRP1 and LRP
proteins, which suggests that imatinib is a useful substrate also
for these two multidrug resistance proteins.

The highest daunorubicin accumulation occurred in ima-
tinib-sensitive K-562 cell line, which was characterized also
by the lowest PGP and MRP1 expression. The accumulation
was lower in imatinib-resistant cell lines (with higher PGP

>

TIME

and MRP1 expression). In the study of Legrand et al. [25],
simultaneous activity of PGP and MRPI correlated with
in vitro resistance to daunorubicin and with in vivo clinical
resistance in adult acute myeloid leukemia. On the other hand,
there are opposite data suggesting that overexpression of PGP
in K-562 cells does not confer resistance to imatinib in vitro,
and imatinib is a poor substrate for PGP [26].

In conclusion, we suggest that drug efflux caused by
multidrug resistance proteins may play an important role in de-
velopment of resistance to imatinib in CML cells. Continuous
exposition to low concentrations of imatinib can induce re-
sistance to this drug in CML cells, while higher continuous
imatinib concentrations may overcome the resistance. These
data suggest that imatinib is a useful substrate for testing
multidrug resistance proteins, and an increased expression
of PGP, MRP1 and LRP may play a role in development of
resistance to imatinib in CML.

The authors thank B. Kolodziej, M. Kubicka, and B. Rafinska for
their technical support.
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