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ABSTRACT. The multidrug resistance (MDR) phenotype of cancer cells often correlates with the level and 
activity of protein kinase C (PKC). We studied the ability of the staurosporine derivative PKC inhibitor CGP 
41251 to reverse the MDR phenotype in MCF-7 human breast carcinoma and CT-26 murine colon adenocar- 
cinema cells and their doxorubicin (DXR)-selected MDR variants. Nontoxic concentrations of CGP 41251 

significantly enhanced the cytotoxic properties of DXR, actinomycin D, vinblastine, and vincristine but not 
those of 5-fluorouracil. CGP 41251 increased intracellular concentrations of [14C]DXR but did not cause 
significant differences in P-glycoprotein (P-gp) expression. Pretreatment of MCF-7”d’ cells with phorbol 12- 

myristate 13-acetate reduced the CGP 41251-mediated intracellular accumulation of [14C]DXR. At concentra- 
tions that induced drug uptake, CGP 41251 significantly decreased the level of P-gp phosphorylation in the 
cells but did not compete with [3H]azidopine for photoaffinity labeling of P-gp. These data provide evi- 
dence that CGP 41251 reverses the MDR phenotype by modulating the phosphorylation of P-gp and/or 
other PKC substrates critical to the maintenance of the MDR phenotype. Copyright @ 1996 Elsevier Science 
Inc. BIOCHEM PHARMACOL 53;2:245-247, 1997. 
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The MDRt phenotype of tumor cells is often associated 

with the overexpression of a 170-kDa glycoprotein, P-gp, 

which is encoded by the mdr-I gene [l-3]. The glycoprotein 

is an energy-dependent pharmacokinetic efflux pump that 

spans the plasma membrane and extrudes a broad range of 

structurally unrelated intracellular chemotherapeutic drugs 

and other compounds to the extracellular space, thus re- 

ducing their intracellular accumulation [2, 31. Many com- 

pounds designed to reverse MDR, such as calcium channel 

blockers and cyclosporins, have produced nonspecific tox- 

icities because of their ability to directly bind P-gp [3]. 

Interfering with the regulatory post-translational modifica- 

tions of I’-gp provides a different, potentially less toxic, 

approach. For example, many MDR cells express high levels 

of PKC and PKC activity [4-71, suggesting a role for PKC 

in regulating the expression or activity of P-gp [7-91. PKC 

can phosphorylate P-gp on serine/threonine residues, and 

this phosphotylation correlates positively with P-gp activity 
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(9, lo]. A candidate for modulating P-gp kinetics is the 
PKC inhibitor CGP 41251, a staurosporine derivative. Al- 

though its potency for PKC inhibition is only one-eighth 

that of staurosporine, its maximum tolerated dose is 250 
times higher than that of staurosporine [l 11. CGP 41251 
has been shown to selectively inhibit PKC-(r. and -p activ- 

ity, to mediate antiproliferative effects against cancer cells 
in vitro and in viva [l 1, 121, and to reverse the MDR phe- 
notype in the CCRF-VCR1000 lymphoblastoid cell line 
[ 131. Because the mechanism by which CGP 4125 1 reverses 
resistance to MDR-related drugs is unknown, we conducted 
a series of experiments in human and murine cancer cells 

addressing this question. 
First, we determined the relative antiproliferative effects 

of CGP 41251 (supplied by Ciba-Geigy, Inc., Basel, Swit- 
zerland) against parental and MDR cells. The human 
MCF-7 and MCF-7”d’ cells (the gift of Dr. Kenneth H. 

Cowan, National Cancer Institute, Bethesda, MD) were 
found to be more resistant to CGP 41251 than the murine 
parental CT-26 colon carcinoma cells [14] and their MDR 
variant CT-26 R500 cells [15] but no discernible differences 
in the dose response to CGP 41251 were found between 
parental and MDR cells. In preliminary experiments, we 
found that 30 and 125 nM concentrations of CGP 41251 
were not toxic against CT-26 and MCF-7 cells, respec- 
tively. We treated the cells with these nontoxic concen- 
trations of CGP 41251 and found that it sensitized MDR 
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cells up to 15fold against DXR, vinblastine, vincristine, 
and actinomycin D. No increased sensitivity was observed 
with 5-FU (Table 1). Next, we incubated control and CGP 

41251-treated cells with medium containing [14C]DXR. 
Nontoxic concentrations of CGP 41251 significantly in- 

creased the intracellular accumulation of [14C]DXR in the 
MDR cell lines but not in the parental cell lines, directly 

correlating with the increased sensitivity of the cells (Table 
1). The human MCF-7”d’ cells have been shown to express 
lo-fold higher levels of PKC-ok than the parental MCF-7 
cells [9]. The relationship of PKC activity with intracellular 
drug accumulation was supported by our experiments show- 
ing that pretreatment with TPA (resulting in stimulation of 

PKC activity) reduced by 50% the ability of CGP 4125 1 to 

increase intracellular accumulation of [14C]DXR (data not 
shown). 

1 2 3 

Staurosporine has been shown to increase intracellular 
drug accumulation by competing with chemotherapeutic 
agents for binding to P-gp as demonstrated by inhibition of 

[3H]azidopine [B] or [3H]vinblastine [16] binding. MDR re- 
versal agents that directly compete for P-gp drug binding 

sites have been associated with severe toxicity in uiuo, pre- 
cluding their use in the treatment of clinical drug resistance 
[3]. To determine whether CGP 41251 could be distin- 
guished from staurosporine [B], verapamil, and other P-gp- 

binding drugs [3] in its mechanism of MDR reversal, we 
monitored photoaffinity labeling of P-gp from membranes 

of MCF-7”d’ cells by [3H]azidopine in the presence of CGP 
41251. As shown in Fig. 1, CGP 4125 1 at the concentra- 

tion used to reverse MDR (125 nM) did not reduce the 

binding of [3H] azr ‘d opine to P-gp under conditions where 

vinblastine, a known P-gp substrate, did. At 3-fold the con- 
centration used to reverse MDR (>350 nM), CGP 4125 1 
did compete with [3H] ‘d p’ azr o me. These results provide evi- 
dence that CGP 41251 can reverse MDR by a mechanism 
that does not involve binding interactions with P-gp. These 

FIG. 1. Photoaffinity labeling of MCF-7”’ cells by [3H]ae 
zidopine. MCF.7”” membrane preparations (100 pg) were 
incubated for 30 min at 23” prior to UV irradiation at 366 
nm with 25 pCi [3H]azidopine in the absence (Lane 1) or 
presence (lane 2) of 125 nM CGP 41251. Vmblastine (3 
pg/mL) was used as a positive control (lane 3). The proteins 
were immunoprecipitated by C2 19 anti-P-gp antibody, 
separated on SDS-PAGE gel, fixed, stained, and exposed for 
7 days at -70” using HypertYm-MP. 

results do not entirely agree with a previous report that at 
a lower concentration, CGP 41251 did compete with vin- 
blastine binding [16]. 

Treatment with some MDR-reversing agents, including 

staurosporine, has been shown to influence the expression 
of P-gp [17, 181. We examined whether CGP 41251 re- 
versed MDR by modulating P-gp levels. Northern blot and 
western blot analyses demonstrated that treatment of cells 

with CGP 41251 did not reduce the level of MDR-1 
mRNA and protein, respectively (data not shown), in 

agreement with a previous report [13]. 
PKC-a and PKC-P h ave been shown to modulate drug 

resistance [5-71 and to be selectively inhibited by CGP 

4125 1 [13]. The PKC-a isozyme has also been shown to be 
highly overexpressed and to be pivotal in the phosphory- 
lation of P-gp in MCF-7”d’ cells [9]. We therefore examined 
the ability of CGP 41251 to inhibit P-gp phosphorylation 
in MCF-7”d’ cells [B]. The results in Fig. 2 show a 45% 

TABLE 1. Enhancement of in vitro chemosensitivity and intracellular drug accumulation in tumor cells treated with CGP 
41251 

Enhancement ratio*? 

Cell line DXR 

MCF-7 WT 1.0 
MCF-7”d’ 7.3” 
CT-26P 2.0 
CT-26 R500 5.1” 

Act D 

l:.;II 

1:5 
7.0” 

‘CS& 

VBL 

1.0 
8.2” 
2.1 
4.1” 

VCR 

1.0 
10.0” 
2.2 
5.0” 

5JW 

1.0 
1.0 
1.0 
1.0 

Uptake of [14C]DXR$ 

2 hr 4 hr 

1.0 1.0 
2.2” 2.5” 
1.0 1.0 
2.1” 2.1” 

* Enhancement ratio (1~~) is the icSO of a drug in the drug-treated cells/~c,, of the same drug in the drug- and CGP 41251-treated cells. The carrier for active CGP 41251 had 

no effect. 

t Enhancement EXIO (uptake) IS the uptake of [%]DXR in the ptesa~e of CGP 41251/the uptake of [%]DXR in the absence of CGP 41251. The carrier for active CGP 

41251 had no effect. 

$ Tumor cells were seeded at l-3 x 10’ cells/well in 96-well tissue culture plates. After an attachment period of 18 hr, quadruplicate samples wete mcubated for 4 days with 

a dose range of the standard drugs with or without CGP 41251. Abbreviations not defined previously: VBL, vinblastme; VCR, vincristine; and Act D, actinomycin D. Cytostasis 

was determined by the MTT assay. The carrier for active CGP 41251 had no effect. Results are representative of at least two experiments done in quadruplicate. 

I Cells were seeded at 0.5 x lo6 cells/dish in 35-mm tissue culture dishes for 18 hr. Fresh medium with or wrhout CGP 41251 and [‘%]DXR were added to the cultures. At 

various times, the medum was removed, cells were washed, and the intracellular radioactivity was monitored. The carrier for active CGP 41251 had no effect. Results are 

representative of at least three experiments done in duplicate. 

” P < 0.05, compared with medum only. 
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FIG. 2. Decreased phosphorylation of Pegp in cells treated 
with CGP 4125 1. MCFe7”d’ and CT.26 R500 cells were pre- 
treated with CGP 4125 1 for 1 hr and incubated in phosa 
phate-free medium in the presence of [3zJ?]inorganic phos- 
phate and CGP 41251 for another hour. Total protein was 
collected, and P-gp was immunoprecipitated with 5 ug of 
C2 19 anti-Psgp monoclonal antibody from 200 pg of pro- 
tein. The immune complexes were isolated using protein 
A-Sepharose beads, and the resulting sample was run on an 
SDS-PAGE gel. The gel was fixed, stained, and exposed for 
72 hr at -70” using Hyperfilm-MP. Key: MCF-7”d’ (lane 1) 
with CGP 41251 at 125 nM (lane 2), CT-26 R500 (lane 3) 
with CGP 41251 at 30 nM (lane 4), and with CGP 41251 at 
310 nM (lane 5). 

reduction in P-gp phosphorylation in MCF-7”d’ cells 
treated with CGP 41251. In the CT-26 R500 cells, a higher 
concentration (3 10 nM) was required to reduce P-gp phos- 
phorylation by 80% (Fig. 2). 

In summary, we have shown that nontoxic concentra- 
tions of CGP 41251 sensitized MDR cells to MDR-related 
drugs but not to 5-FU. This partial reversal of the MDR 
phenotype was mediated by an increased intracellular ac- 
cumulation of the chemotherapeutic agents, which was as- 
sociated with a decrease in P-gp phosphorylation. Our re- 
sults support a mechanism of MDR reversal by CGP 4125 1 
that entails inhibition of the phosphorylation of P-gp 
and/or other PKC substrates critical to the MDR phenotype 
rather than competitive binding to the drug-efflux pump 
and that may circumvent the toxicity associated with clas- 
sical P-gp-binding MDR reversal agents. In fact, we have 
already demonstrated the efficacy of CGP 41251 in the 
reversal of drug resistance in metastatic tumors in an in viva 
nude mouse model [19], indicating the potential signifi- 
cance of its novel mechanistn of MDR reversal. 
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