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A b s t r a c t . Phosphorylation of P-glycoprotein ( P G P ) by some protein kinases may 
play an important role in the regulation of its drug t ransport activity, and may 
also be important for the development of multidrug resistance (MDR) phenotype. 
In the present s tudy we investigated the expression of three groups of mitogen-
activated protein kinases (MAPKs). The expression of ERKs, S A P K / J N K s and 
p38-MAPK was studied at the protein level in sensitive (L1210) and multidrug 
resistant (L1210/VCR) cells. The expression of E R K s in multidrug resistant cells 
did not differ from those observed in parental sensitive cells. On the other hand, 
the development of multidrug resistance phenotype in L1210/VCR cells was asso­
ciated with increased expression of cytosolic p38-MAPK and also proteins of 90 
and 130 kDa t h a t react with antibody specific for S A P K / J N K s . The expression 
of the proteins mentioned was stimulated above all in conditions when vincristine 
was present in cultivation medium and the stimulation of t ransport activity of 
P G P was necessary for the cell survival. The development of multidrug resistance 
phenotype in L1210/VCR cells was not associated with significant changes in ex­
pression of several heat-shock proteins (hsp25, hsp60, hsp70, hsp90). The levels of 
these proteins were comparable in sensitive L1210 and resistant L1210/VCR cells, 
and vincristine did not influence the expression of heat-shock proteins in resistant 
cells. 
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Introduction 

MDR of neoplastic cells represents a specific type of resistance when cells become 
cross-resistant to a variety of structurally and functionally different drug groups 
This type of resistance is often mediated by transport activity of P-glycoprotem, 
and the degree of the resistance should be changed by influencing of this trans­
port activity (Juhano and Ling 1976) The P-glycoprotein molecule contains se­
quences showing strong similarities with phosphorylation sites of some protein 
kmases (Chambers et al 1994) In murine P-glycoprotem three phosphorylation 
sites for basic-directed protein kinases have been identified (serines 665, 669, 681) 
The linker region of P-glycoprotein was found to be phosphorylated in vivo also 
withm the acidic domain on oligopeptide sequence in position 631-658 (Glavy et 
al 1997) These facts indicate that phosphorylation of P-glycoprotein may repre 
sent an important mechanism involved in the regulation of its transport activity 
In a previous study, we observed changes in the resistance of multidrug resistant 
L1210/VCR mouse leukemic cells to vincristine, after the exposure of these cells 
to phorbol mynstate acetate, a substance known as an activator of protein kmases 
was present (Barančík et al 1995) This was associated with changes in mtracel 
lular accumulation of vincristine The results suggested a role of protein kinases, 
especially PKC, in the regulation of P-glycoprotein function m multidrug resis­
tant L1210/VCR cells PKC mediates the phosphorylation of several membrane 
proteins and is able to modulate the activity of ion channels, calcium homeosta 
sis, metabolism and also protein synthesis (Fuller and Sugden 1989, Capogrossi 
et al 1990) PKC is also known to be involved in the regulation of the signal 
transduction cascade where cytoplasmic and nuclear proteins are phosphorylated 
by the action of several additional protein kinases, mainly mitogen-activated pro­
tein kinases (MAPKs) (Davis 1993) The MAPKs represent a superfamily of at 
least three subfamilies of protein kinases (ERKs, SAPK/JNKs, p38-MAPK) that 
are important signaling pathways involved in the legulation of several cellular pro­
cesses They differ in the mechanisms of their upstream stimulation and also in 
substrate specificities The extracellular regulated protein kinases (ERKs) are ac 
tivated by several trophic and mitogemc factors, and also by mechanical loading 
(Yamazaki et al 1993, Bogoyevitch et al 1994) The stress-activated protein kinase 
(SAPK/JNK) and the p38-MAPK cascades that operate in parallel to the ERK 
cascade are strongly activated mainly by cellular stresses like hyperosmotic shock, 
low concentrations of protein synthesis inhibitors, UV, heat stress (Cano et al 1994 
Rouse et al 1994) Stress conditions are generally known to induce overexpresion 
of specific proteins called heat-shock proteins In recent studies stress kinases were 
found to possibly play an important role in the regulation of the expression and 
phosphorylation of some heat-shock proteins (Huot et al 1995) Moreover, also evi­
dence has been reported linking heat-shock proteins to MDR (Garrido et al 1997) 
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Thus, in the present study we investigated the relation between the expres­
sion and function of PGP and the expression of three subfamilies of MAPKs 
(ERK, SAPK/JNK, p38-MAPK), and the expression of four heat-shock proteins 
(hsp25, hsp60, hsp70, hsp90) in parental sensitive L1210 and multidrug resistant 
L1210/VCR cells. 

Materials and Methods 

Materials 

SDS-PAGE reagents, monoclonal antibodies against hsp25, hsp60, hsp70, hsp90 
and polyclonal antibody against ERKs were purchased from Bio-Rad (Richmond, 
USA) and Sigma (St. Louis, USA). Molecular weight markers for electrophoresis 
were from Pharmacia LKB (Uppsala, Sweden). Goat anti-rabbit and anti-mouse 
immunoglobulins both linked with horseradish peroxidase, the enhanced chemilu-
minescence (ECL) reagents, nitrocellulose membranes as well as autoradiography 
films were obtained from Amersham (England). The polyclonal antibodies against 
SAPK/JNKs and p38-MAPK were purchased from New England Biolabs. 

Cells and culture conditions 

Parental sensitive (L1210) and multidrug resistant (L1210/VCR)* cell lines were 
cultivated in standard RPMI 1640 medium supplemented with fetal bovine serum 
(4%), glutamine (lmg/ml), gentamycin (1 /xg/ml) in an atmosphere of 5% CO2 at 
37°C. Samples of resistant L1210/VCR cells were obtained from cells cultivated for 
3 days in the presence or absence of 1 /xg/ml vincristine. 

Preparation of cytosolic and particulate fractions 

The cells were pelletted by centrifugation (at 1200 x g, 3 min), washed two times 
with PBS, pelletted and finally resuspended in ice-cold buffer A containing 20 
mmol/1 Tris-HCl, 1.0 mmol/1 EDTA, 1.0 mmol/1 EGTA, 1.0 mmol/1 DTT, 0.5 
mmol/1 PMSF (pH 7.4). After homogenization in a pestle Teflon-glass homogenizer, 
the homogenate was spun down at 10,000 x g for 30 min at 4°C. The supernatant 
represented the cytosolic fraction, the pellet was resuspended in buffer A containing 
0.2% Triton X-100, and was considered particulate fraction. 

Immunoblot analysis 

Soluble or particulate fractions isolated from sensitive and multidrug resistant cells 
were subjected to SDS-PAGE (35 /xg of proteins per lane) in 10 or 15% polyacry-
lamide gels and proteins were transferred onto nitrocellulose membranes. Anti-
ERK, anti-SAPK/JNK, anti-p38-MAPK, anti-hsp25, anti-hsp60, anti-hsp70 and 

The resistant cell subline was obtained by long-term adaptation of parental sensitive 
cells to vincristine (Poleková et al 1992) 
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anti-hsp90 antibodies were used as primary antibodies. Peroxidase labeled anti-
mouse immunoglobulin (dilution 1:3000) and peroxidase labeled anti-rabbit im­
munoglobulin (dilution 1-3000) were used as the secondary antibodies. T h e perox­
idase reaction was detected by the ECL Western blot detection method. 

R e s u l t s 

Expression of ERKs in parental sensitive L1210 and multidrug resistant 
L1210/VCR cells 

The ERKs are a group of M A P K s that are activated mainly by trophic and mito-
genic factors. The best characterized members of the ERK superfamily are ERK-1 
and ERK-2, protein kinases with molecular masses of 44 and 42 kDa respectively. 
We investigated the expression of these protein kinases in cytosolic and partic­
ulate fractions isolated from parental sensitive (L1210) and multidrug resistant 
(L1210/VCR) cells. In the case of L1210/VCR cell line, we used cells cultivated for 
three days in the presence or absence of 1 mg/1 vincristine. Fig. 1 shows the cytoso­
lic and particulate fractions after their separation by SDS-PAGE. The separated 
proteins in gels were stained with Coomassie Briliant Blue R 250. The records 
show the protein profiles and also document the equivalent amounts of proteins 
used in the assays. The development of M D R in L1210/VCR cells did not include 
significant changes in the expression of ERK-1 and ERK-2 (Fig. 2) The levels of 
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Figure 1. Cytosolic (supernatant) and particulate (pellet) proteins (35 ug per lane) 
isolated from parental sensitive L1210 and multidrug resistant L1210/VCR cells were 
separated in 15% gels by SDS-PAGE and stained with Coomassie Briliant Blue R 250 
S - sensitive cells, R - resistant cells, Rv - resistant cells cultivated in the presence of 
lmg/1 vincristine The arrows show the position of molecular mass marker proteins 

123 kDa-> 
85kDa-> 

50kDa-> 

33kDa-> 
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Figure 2. Western blot record showing the expression of extracellular-regulated protein 
kinases (ERKs) in cytosolic (supernatant) and particulate (pellet) fractions of parental 
sensitive L1210 and multidrug resistant L1210/VCR cells S - sensitive cells, R - resistant 
cells cultivated in the absence of vincristine, Ry - resistant cells cultivated in the presence 
of 1 mg/1 vincristine The amount of proteins loaded for electrophoretic separation was 
35 /xg per lane The arrows indicate the position of ERK-1 and ERK-2 

both protein kmases in cytosolic or particulate (Fig. 2) fractions from multidrug 
resistant L1210/VCR cells (investigated using specific antibody) did not differ from 
those observed in parental sensitive L1210 cells 

Expression of SAPK/JNKs in parental sensitive L1210 and multidrug resistant 

L1210/VCR cells 

The S A P K / J N K s are protein kinases activated mainly by stress processes. The 
antibody specific for JNK-1 and JNK-2 (two best characterized members of the 
S A P K / J N K s superfamily) reacted in Western blot assay with four major proteins of 
« 4 6 , « 5 5 , « 9 0 and «130 kDa (Fig. 3). The 46 and 55 kDa proteins represent JNK-
1 and JNK-2. No significant changes in the expression of these two protein kinases 
were observed between the cytosolic and the particulate fractions from sensitive 
and multidrug resistant cells (Fig. 3). However, an additional band appeared in the 
vicinity of 46 kDa JNK-1 in cytosolic fractions isolated from multidrug resistant 
L1210/VCR cells (Fig 3) This band could represent the phosphorylated form of the 
protein kinase and the increased phosphorylation also reflects increased stimulation 
of the protein kinase activity. The identities of the 90 and 130 kDa proteins are not 
clear Both proteins could represent protein kinases of the S A P K / J N K s superfamily 
or the reaction is a result of a nonspecific interaction of the antibody with proteins 
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Figure 3. Western blot record showing the expression of stress activated c-Jun N-termmal 
protein kinases (SAPK/JNKs) in cytosolic (supernatant) and particulate (pellet) fractions 
of parental sensitive L1210 and multidrug resistant L1210/VCR cells S - sensitive cells, 
R - resistant cells cultivated in the absence of vincristine, Rv ~ resistant cells cultivated 
m the presence of 1 mg/1 vincristine The amount of proteins loaded for electrophoretic 
separation was 35 fig per lane The arrows indicate the position of JNK-1 and JNK-2, the 
position of molecular mass marker proteins is showed on the left 

not related to S A P K / J N K s In cytosolic fractions we found significantly increased 
levels of both 90 and 130 kDa proteins in multidrug resistant L1210/VCR cells 
cultivated for 3 days in the presence of 1 mg/1 vincristine. Interesting is the fact 
that , in the absence of vincristine, no significant changes in the expression of these 
proteins were observed as compared t o the parental sensitive cells. These facts 
suggest that the expression of both t h e 90 and the 130 kDa protein could play a 
role when vincristine is present and its active efflux from resistant cells is necessary. 
In particulate fractions, no significant changes were observed in the expression of 
JNK-1, JNK-2 or 90, 130 kDa proteins when comparing sensitive and resistant 
cells (Fig. 3). Also, cultivation of resistant L1210/VCR cells in the presence of 
vincristine did not induce any additional changes in the levels of these proteins. 

Expression of p38-MAPK in parental sensitive L1210 and multidrug resistant 
L1210/VCR cells 

p38-MAPK participate in a cascade controlling cellular responses to cytokines and 
stress Like S A P K / J N K s the p38-MAPK is activated in response to several cellular 
stresses. In multidrug resistant L1210/VCR cells the expression of cytosolic p38-
MAPK was found to be significantly increased as compared to parental sensitive 
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Figure 4. Western blot record showing the expression of p38-MAPK in cytosolic (su­
pernatant) and particulate (pellet) fractions of parental sensitive L1210 and multidrug 
resistant L1210/VCR cells S - sensitive cells, R - resistant cells cultivated in the absence 
of vincristine Rv resistant cells cultivated in the presence of 1 mg/1 vincristine The 
amount of proteins loaded for electrophoretic separation was 35 /ig per lane The arrows 
indicate the position of p38-MAPK 

tells (Fig 4) In experimental situation where vincristine was present in cultivation 

medium, an additional increase in the level of cytosolic p38-MAPK was observed 

No differences were observed in the expression of this 38 kDa protein kinase in 

particulate fractions from sensitive and multidrug resistant cells (Fig 4) 

Expression of heat-shock proteins hsp25, hsp60, hsplO and hsp90 in parental sen 

sitwe L1210 and multidrug resistant L1210/VCR cells 

Fig 5 shows the results obtained from determination of the expression of four 
heat shock proteins in multidrug resistant L1210/VCR and sensitive L1210 cells 
No significant changes were observed in the expression of hsp25, hsp70 and hsp90 
when comparing the cytosolic fractions of sensitive and multidrug resistant cells 
When 1 /Ltg/ml of vincristine was present in cultivation medium partially increased 
expiession of hsp60 was observed (Fig 5) With hsp25-specific antibody (Fig 5) 
no specific reaction could be observed in either the sensitive or the resistant cells 
Hsp90-specific antibody reacted with two major bands in the 90 kDa region, an­
tibody against hsp70 reacted with a single band when 15% gels were used for 
the separation of proteins When 10% gels were used for the electrophoretic sep-
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Figure 5. Western blot showing the expression of hsp25, hsp60, hsp70 and hsp90 m cv 
tosohc (supernatant) fractions of parental sensitive L1210 and multidrug resistant L1210/ 
VCR cells S sensitive cells R resistant cells cultivated in the absence of vincristine 
Rv - resistant cells cultivated in the presence of 1 mg/1 vincristine The amount of pro­
teins loaded for electrophoretic separation was 35 /ig per lane The arrows on the left 
indicate the position of molecular mass marker proteins 

aration, additional bands were observed in the vicinity of these bands (hsp90 oi 
hsp70) One explanation is that these bands observed in 10% gels represent phos­
phorylated forms of hsp90 and hsp70 In this case no significant differences between 
sensitive and resistant cells could be observed either 

D i s c u s s i o n 

Multidrug resistance in L1210/VCR cells is accompanied by overexpression of t h e 
membrane t ransport protein, P-glycoprotem Several lines of evidence suggest the 
i ole of phosphorylation in the modulation of P-glycoprotem transport activity (Fine 
et al 1986, Chambers et al 1994, Barančík et al 1995) T h e previous finding t h a t 
phorbol m y n s t a t e acetate, a protein kinase C activator, significantly influenced 
the transport activity of P-glytoprotem in L1210/VCR cells indicated the role of 
P K C in the regulation of P-glvcoprotein activity in these cells (Baiant ik et al 
1995) On the other hand, the down-regulation of P K C by prolonged exposure of 
L1210/VCR cells to phorbol ester influenced the degree of resistance only partiall> 
This fact pointed also to the involvement of other, PKC-mdependent protein kinase 
pathways in the íegulation of P G P transport activity In the present study we m 
vestigated the expression of several mitogen-activated protein kinases (MAPKs) in 
parental sensitive L1210 and multidrug resistant L1210/VCR cells The family of 
MAPKs includes at least three subfamilies of protein kinases (ERKs, S A P K / J N K s , 
p38-MAPK) that are involved in the regulation of several cellular processes (Ronin-
son and Cobb 1997) The j differ in the mechanisms of their upstream stimulation 
and also m substrate specificities We found that the development of mult idrug 
resistance phenotype in L1210/VCR cells was not associated with changes in the 
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expression of ERK-1 and ERK-2. The activity of ERKs is stimulated in response 
to several mitogenic or trophic factors that also stimulate cell proliferation (Bo-
goyevitch et al. 1994; Sadoshima et al. 1995). The finding that the presence of 
vincristine and the development of multidrug resistance did not enhance ERKs 
expression suggests that ERKs do not play an important role in the mechanism 
of PGP-mediated MDR of L1210/VCR cells. The stress-activated protein kinase 
(SAPK/JNK) and the p38-MAPK cascades that operate in parallel to the ERK 
cascade are strongly activated mainly by cellular stresses. p38-MAPK is a protein 
kinase activated by cytokines and some cellular stresses like hyperosmotic or heat 
shock (Rouse et al. 1994; Galcheva-Gargova et al. 1994). In some experimental 
models also some metabolic inhibitors such as sodium arsenite have been found to 
stimulate the activity of this protein kinase (Doza et al. 1995). The finding that 
the development of MDR in L1210/VCR cells is associated with an enhanced ex­
pression of p38-MAPK contrasts with the observed expression of ERKs. Enhanced 
expression of p38-MAPK in L1210/VCR cells implicates the involvement of this 
protein kinase in the mechanism of multidrug resistance. There is some possibility 
that the enhanced expression of p38-MAPK is associated with overexpression of 
PGP, and that PGP serves as a possible target (substrate) for this protein kinase 
or protein kinase cascade located downstream of p38-MAPK. Interesting is the fact 
that cultivation of resistant cells in the presence of 1 /Ug/ml vincristine induced an 
additional increase in the level of p38-MAPK. As found previously, the resistance 
of L1210/VCR cells to vincristine is associated with a decreased intracellular ac­
cumulation of vincristine in resistant cells as compared to parental sensitive L1210 
cells (Breier et al. 1994). The decreased intracellular accumulation of vincristine 
was probably connected with an increased efflux of vincristine from cells by PGP 
transport activity. This suggestion was supported by the finding that verapamil, a 
known chemisensitizer and a substance that can interact directly with PGP to in­
hibit its transport activity, suppressed the decrease in intracellular accumulation of 
vincristine (increased the intracellular accumulation of VCR) (Barančík et al. 1995). 
All these facts indicate that, in the presence of vincristine, the manifestation of an 
increased PGP efflux activity is necessary for cell survival. The enhanced expression 
of p38-MAPK in presence of vincristine suggests the involvement of this enzyme 
in the mechanisms responsible for the elimination of VCR from L1210/VCR cells. 
One explanation could be the influence of p38-MAPK on the phosphorylation state 
of PGP. Interesting are results of recent studies which have indicated the possible 
role of p38-MAPK in the mechanism of resistance. Overexpression of heat-shock 
protein 27 (HSP27) by transfection of HT-29 human colorectal cancer cell line was 
found to increase the resistance of these cells to doxorubicin or cisplatin and to pre­
vent the drug-induced apoptosis (Garrido et al. 1997). In another study HSP27 was 
shown to be a major target protein for phosphorylation upon stimulation by a va­
riety of agents in Chinese hamster or human cells (Huot et al. 1995), the induction 
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of HSP27 activity being associated with the activation of MAPKAPK-2, a protein 
kinase that represents a down-stream located kinase in p38-MAPK cascade and 
is activated by p38-MAPK mediated phosphorylation. Moreover, MAPKAPK-2 is 
also used as a substrate for in vitro assays of p38-MAPK activity. We also investi­
gated the expression of some heat-shock proteins in parental sensitive L1210 and 
multidrug resistant L1210/VCR cells but did not observe any significant differences 
in the expression of hsp25, hsp60, hsp70 and hsp90 at the protein level. In the case 
of hsp70 and hsp90, the existence of double bands were observed which indicate 
the presence of phosphorylated forms of these proteins. On the other hand, neither 
in this case we did observe any significant differences between sensitive and resis­
tant cells. The presence of vincristine in cultivation medium of resistant cells did 
not induce significant changes in the expression of the heat-shock proteins investi­
gated. The only exception was hsp60 where a moderate increase in the expression 
of this protein was observed after cultivation of L1210/VCR cells in the presence of 
1 /il/ml vincristine (compared with L1210/VCR cells cultivated in the absence of 
vincristine). The results indicate that the expression of heat-shock proteins is not 
a factor of significant influence on the multidrug resistance in L1210/VCR cells. 
However, the role of these proteins in the mechanism of MDR is not excluded. 
SAPK/JNKs are protein kinases activated in response to stress stimuli. The de­
velopment of multidrug resistance phenotype in L1210/VCR cells was not found 
to include changes in the expression of SAPK/JNKs. On the other hand, the oc­
currence of a band in the vicinity of JNK-1 in resistant L1210/VCR cells points 
to the presence of another JNK-1-related protein kinase or phosphorylated form 
of JNK-1. The SAPK/JNKs are phosphoproteins that require phosphorylation for 
their activation, and the activity depends on the degree of phosphorylation. If the 
additional band in resistant cells represents the phosphorylated form of JNK-1 this 
fact may reflect the presence of a more active enzyme in resistant L1210/VCR cells. 
Osborn and Chambers (1996) found that treatment of KB-3 carcinoma cells with 
adriamycin, vinblastine or etoposide resulted in activation of JNK. Interesting is 
the fact that none of the drugs significantly influenced the ERK pathway. In agree­
ment with our observation in the previous study no increase was observed in the 
protein expression of JNKs in KB-V1 cell line selected for resistance to vinblastine 
relative to KB-3 cells. On the other hand, an increased JNK activity was observed 
in MDR KB-V1 cells as compared to KB-3 cells. These results indicate the pres­
ence in the MDR cell lines of JNK in a highly activated form. The occurrence of a 
band close to JNK-1 as observed in our study in resistant cells may also reflect the 
presence of a more active form of JNK. The JNK-1 and JNK-2 specific antibody 
reacted with two additional bands of 90 and 130 kDa. The identities of these bands 
are questionable. They may represent proteins of the SAPK/JNKs superfamily or 
proteins not related to these protein kinases. The enhanced expression of these 
proteins in the cytosol of L1210/VCR cells after their cultivation in the presence of 
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vincristine indicates that these proteins may play a role in the elimination of vin­
cristine from resistant cells. This fact is supported by the finding that, in resistant 
cells cultivated in the absence of vincristine for the same period of time no changes 
in the expression of these proteins were observed. 

Acknowledgements. This study was supported by Slovak Grant Agency for Science 
VEGA (grant No 2/4127/97) 

References 

Barančík M , Štefanková Z , Breier A (1995) Effect of phorbol myristate acetate (PMA) 
on P-glycoprotein mediated vincristine resistance of L1210 cells Gen Physiol 
Biophys 14, 171—175 

Bogoyevitch M A , Glennon P E , Andersson M B , Clerk A , Lazou A , Marshall C J , 
Parker P , Sugden P H (1994) Endothehn-1 and fibroblast growth factors stim­
ulate the mitogen-activated protein kinase signaling cascade m cardiac myocytes 
J Biol Chem 269, 1110—1119 

Breier A , Štefanková Z , Barančík M , Tribulová N (1994) Time dependence of [3H]-
vmcnstme accumulation by L1210 mouse leukemia cells Effect of P-glycoprotein 
overexpression Gen Physiol Biophys 13, 287—298 

Cano E , Hazzahn C A , Mahadevan L C (1994) Amsomycin-activated protein kinases 
p45 and p55 but not mitogen-activated protein kinases ERK-1 and ERK-2 are 
implicated m the induction of c-Fos and c-Jun Mol Cell Biol 14, 7352—7362 

Capogrossi M C , Kaku T , Filburn C R , Pelto D L , Hansford R G , Spurgeon H A , 
Lakatta E G (1990) Phorbol ester and dioctanoylglycerol stimulate membrane 
association of protein kinase C and have negative inotropic effect mediated by 
changes m cytosolic C a 2 + m adult rat cardiac myocytes Circ Res 66, 1143— 
1155 

Chambers T C , Pohl J , Glass D B , Kuo J F (1994) Phosphorylation by protein kinase 
C and cyclic AMP-dependent protein kinase of synthetic peptides derived from the 
linker region of human P-glycoprotein Biochem J 299, 309—315 

Davis R J (1993) The mitogen-activated protein kinase signal transduction pathway J 
Biol Chem 268, 14553—14556 

Doza Y N , Cuenda A , Thomas G M , Cohen P , Nebreda A R (1995) Activation of the 
MAP kinase homologue RK requires the phosphorylation of Thr-180 and Tyr-182 
and both residues are phosphorylated m chemically-stressed KB cells FEBS Lett 
364, 223—228 

Fine R L , Patel J , Hamilton T C , Cowan K , Curt G A , Friedman M A , Chabner B 
A (1986) Activation of protein kinase C (PKC) increases vincristine (VC) efflux 
and resistance m drug sensitive MCF-7 cells Proc Amer Assoc Cancer Res 27, 
271 

Fuller S J , Sugden P H (1989) Protein synthesis m rat cardiac myocytes is stimulated 
at the level of translation by phorbol esters FEBS Lett 247, 209—212 

Galcheva-Gargova Z , Denjard B , Wu I , Davis J R (1994) An osmosensmg signal 
transduction pathway in mammalian cells Science 265, 806—808 

Garndo C , Ottavi P , Fromentin A , Hammann A , Arngo A P , Chauffert B , Mehlen 
P (1997) HSP27 as a mediator of confluence-dependent resistance to cell death 
induced by anticancer drugs Cancer Res 57, 2661—2667 



56 Barančík et al 

Glavy J S , Horwitz S B , Orr G A (1997) Identification of the in vivo phosphorylation 
sites for acidic-directed kinases in murine mdr lb P-glycoprotem J Biol Chem 
272, 5909—5914 

Huot J , Lambers H , Lavoie J N , Guimond A , Houle F , Landry J (1995), Charac­
terization of 45-kDa/54-kDa HSP27 kinase, a stress-sensitive kinase which may 
activate the phosphotylation-dependent protective function of mammalian 27-kDa 
heat-shock protein HSP27 Eur J Biochem 227, 416—427 

Juhano R , Ling V (1976) A surface glycoprotein modulating drug permeability in Chi­
nese hamster ovary cell mutants Biochim Biophys Acta 455, 152—161 

Osborn M T , Chambers T C (1996) Role of the stress-activated/ c-Jun NH2-terminal 
protein kinase pathway in the cellular response to adriamycm and other chemother-
apeutic drugs J Biol Chem 271, 30950—30955 

Poleková L , Barančík M , Mrázová T , Pirker R , Wallner J , Sulová Z , Breier A (1992) 
Adaptation of mouse leukemia cells L1210 to vincristine Evidence for expression 
of P-glycoprotein Neoplasma 39, 73—77 

Roninson M J , Cobb M H (1997) Mitogen-activated protein kinase pathways Curr 
Opm Cell Biol 9, 180—186 

Rouse J , Cohen P , Trigon S , Morange M , Alonso-Llamarez A , Zamamllo D , Hunt T , 
Nebreda A R (1994) A novel kinase cascade triggered by stress and heat shock 
that stimulates MAPKAP kmase-2 and phosphorylation of the small heat shock 
proteins Cell 78, 1027—1037 

Sadoshima J , Qiu Z , Morgan J P , Izumo S (1995) Angiotensin II and other hyper­
trophic stimuli mediated by G protem-coupled receptors activate tyrosine kinase, 
mitogen-activated protein kinase, and 90-kD S6 kinase in cardiac myocytes Circ 
Res 76, 1—15 

Yamazaki T , Tobe K , Hoh E , Maemura K , Kaida T , Komura I , Tamemoto H , 
Kadowaki T , Nagai R , Yazaki Y (1993) Mechanical loading activates mitogen-
activated protein kinase and S6 peptide kinase m cultured rat cardiac myocytes 
J Biol Chem 268, 12069—12076 

Final version accepted February 24, 1999 


