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ABSTRACT. The possible regulation of the multidrug-resistant (MDR) phenotype and P-glycoprotein by
protein kinase C (PKC) was investigated in the doxorubicin (Dox)-resistant MCF-7 cell line (MCF-7/Dox). In
a clonogenic assay, cells exposed to 100 nM phorbol 12-myristate 13-acetate (PMA) for 1 hr were about 3-fold
more resistant to Dox than were cells exposed to Dox alone. The PKC inhibitor 1-(5-isoquinolinesulfonyl)-2-
methylpiperazine (H7, 30 pM) completely blocked the PMA-induced effect, but did not reverse the MDR
phenotype. Complete down-regulation of PKC from MCF-7/Dox cells by 24-hr preincubation with PMA did not
alter the degree of Dox resistance. Intracellular accumulation of [**C]Dox decreased from a baseline of 28
pmol/10° cells to 15 pmol/10° cells in the presence of 100 nM PMA. The reduced Dox accumulation in the
presence of PMA was not blocked by pretreatment of cells with H7. Following a 24-hr pretreatment with PMA,
the cells accumulated almost equal amounts of ["*C]Dox in the absence or presence of PMA. Cells from
PMA -treated colonies showed significantly higher levels of expression of P-glycoprotein when compared with
those from contral colonies. H7 did not affect the basal level of P-glycoprotein in cells from control colonies or
PMA-induced overexpression of P-glycoprotein in cells from PMA-treated colonies. Upon stimulation with
PMA (100 nM), PKC a and B translocated to the cell membrane and nucleus and PKC 8 and € to the
perinuclear membrane and the nucleus, respectively. H7 (30 pM) completely inhibited PMA-induced translo-
cations of PKC 8 and €, whereas it only partially blocked the translocations of PKC « and B. These results suggest
that PMA appears to alter Dox resistance and intracellular Dox accumulation in a PKC-dependent manner and
to induce increased expression of P-glycoprotein in MCF-7/Dox cells. Differential effects of H7 on the PMA-
induced changes suggest that different isoforms of PKC may be involved in cell growth and drug accumulation
processes as well as P-glycoprotein expression. BIOCHEM PHARMACOL 52;3:393-399, 1996.

KEY WORDS. multidrug resistance; protein kinase C; P-glycoprotein; phorbol ester; breast cancer

ISSN 0006-2952/96/$15.00 + 0.00
PII S0006-2952(96)00240-7

Resistance to anticancer drugs develops in many cancer
cells during the course of chemotherapy and is accompa-
nied frequently by multidrug cross-resistance among anti-
cancer drugs, particularly those derived from natural origin
(for reviews, see Refs. 1-4). This MDR§ phenomenon has
been a major obstacle to effective cancer chemotherapy. In
various cancer cells, one of the major mechanisms of MDR
is a net decrease in intracellular drug accumulation through
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increased efflux, increased sequestration into intracellular
organelles, or decreased uptake. The increased drug efflux is
associated with an overexpression of a membrane glycopro-
tein, P-gp, which functions as an efflux pump [5]. Divergent
classes of chemicals modulate MDR [6]. Although calcium
channel blockers and cyclosporine derivatives such as ve-
rapamil, cyclosporin A and PSC 833 have been shown to
reverse MDR through direct interaction with P-gp {7-9],
hormones [10], solubilizing agents [11, 12] and inhibitors of
PKC [13, 14] also modulate MDR.

The activities and amount of PKC are higher in MDR
MCF-7/Dox cells than in the parent, drug-sensitive MDR-7
cells [15, 16]. Activation of PKC results in an MDR phe-
notype in human cancer cells [17]. Although the mecha-
nism(s) of PKC-mediated alteration of the MDR phenotype
is not fully known, phosphorylation of P-gp is induced by
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PKC activated by phorbol ester [18-20], suggesting a direct
modulatory role of PKC on the drug efflux function of P-gp
itself and P-gp-regulated ion channels [21]. To define better
a potential role of PKC in the MDR phenotype as well as
the functions and expression of P-gp, we have examined the
effects of PMA-induced activation of PKC in the presence
or absence of the PKC inhibitor H7 on colony-forming
ability, Dox accumulation, and P-gp expression in MCF-7

and MCEF-7/Dox cells.

MATERIALS AND METHODS
Materials

PMA, 40-PDD, calf thymus histone IIIS, phosphotidylser-
ine, biotinylated secondary antibody, and rabbit anti-mouse
IgG were purchased from Sigma (St. Louis, MO); H7 and
monoclonal antibody specific to PKC were obtained from
Seikagaku America (Rockville, MD), and polyclonal anti-
body was from Gibco-BRL (Gaithersburg, MD). ['*C]Dox,
[y-**P]JATP, ?°I-protein A, and the ECL protein detection
system were purchased from Amersham (Arlington
Heights, IL); polyclonal antibody to P-gp was obtained
from Oncogene Science (Uniondale, NY); and bicincho-
ninic acid (BCA) protein assay reagents were purchased
from Pierce (Rockford, IL). Other chemicals were reagent
grade.

Cell Culture and Clonogenic Assay

Cells were cultured in RPMI 1640 containing 10% fetal
bovine serum. MCF-7 and MCF-7/Dox cells were provided
by Dr. Kenneth Cowan (NCI, Bethesda, MD). For colony-
forming assays, cells (1 x 10° cells/well) were plated in
RPMI 1640 with 10% fetal bovine serum in 6-well culture
plates. After 24 hr, the PKC inhibitor H7, phorbol ester,
and Dox were added sequentially. Cells were incubated for
2 hr and then washed three times in PBS. Fresh medium
was added and the cells were incubated for 7 days. Colonies
larger than 2 x 2 mm were counted, and the clonogenic
survival rate was calculated from the control. Average colo-
nies in the control group were 104 £ 9. PMA did not affect
the viability of these cells when examined by the trypan
blue exclusion assay.

Measurement of PKC Activity

PKC was prepared as described previously [22]. Briefly, ali-
quots of cytosolic and membrane PKC fractions eluted from
a DEAE-Sephacel column were assayed for enzymatic ac-
tivity with histone type IlIIS (1 mg/mL) as substrate, by
measuring the incorporation of *?P from [y->*PJATP. En-
zyme activity was expressed as nanomoles of *2P incorpo-
rated into histone per minute per milligram of homogenate
protein. Protein content was determined by the method of

Bradford [23] and the BCA-based method [24, 25].
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Immunoblot Andlysis of PKC and P-gp

Immunoreactivity of PKC with monoclonal or polyclonal
antibodies was carried out essentially as described previ-
ously [26], and the immunoreactive protein band was de-
tected with '**I-protein A or the ECL protein detection
system and visualized by autoradiography or chemilumines-
cence. Detection of immunoreactive P-gp was carried out
by running PAGE and semi-dry transblotting onto the ni-
trocellulose membrane of 10-50 g cell homogenate. Non-
specific binding sites of the nitrocellulose membrane were
blocked by 0.1% Tween 20 in a buffer containing 100 mM
Tris base and 0.9% sodium chloride, pH 7.5. The blocked
membrane was incubated with an antibody raised against
P-gp (10 wg/mL) and washed three times. The nitrocellu-
lose membrane was incubated with 2.5 mg/mL biotinylated
secondary antibody for 30 min, and then immunoreactive
bands were visualized on X-ray film by chemiluminescence.

Immunocytochemistry of PKC

Monolayered MCF-7/Dox cells on culture slides were
treated with 100 nM PMA in the presence or absence of 30
pM H7 and then fixed with 3% formaldehyde and rinsed
with PBS three times. After permeabilizing cell membranes
with ice-cold 0.5% Triton X-100 for 10 min and incubating
them for 1 hr ar room temperature in blocking solution
containing PBS, 1% (v/v) normal goat serum, and 0.3%
Triton X-100, cells were treated with PKC isozymic anti-
body (1-10 wg/mL) in the blocking solution and incubated
overnight at 4° in a humidified chamber. After washing five
times with PBS, cells were incubated with biotinylated goat
anti-rabbit 1gG for 2 hr at room temperature and then
reacted with streptavidine Texas red-conjugated anti-rabbit
IgG in PBS following washing five times with PBS. After
rinsing five times with PBS and once with deionized water,
a mounted specimen was observed under a fluorescent mi-
croscope (Nikon Optiphot).

Intracellular Drug Accumulation

MCF-7 and MCF-7/Dox cells were incubated with
["*C]Dox (0.1 uM for MCF-7 cells and 0.3 uM for MCF-
7/Dox cells) (55 mCi/mmol) in the presence or absence of
PMA (100 nM) and/or H7 (30 uM). Incubation was ter-
minated at designated times. Cells were washed twice with
PBS and then solubilized in a liquid scintillation fluid. The
intracellular concentrations of Dox were determined by
measuring radioactivity of the fixed cells in a Beckman
9000 scintillation counter. The average radioactivity of at
least six experiments was 1050 cpm/pmol Dox.

RESULTS

The effects of activation and down-regulation of PKC on
the colony-forming ability of MCF-7/Dox cells were exam-
ined. When measured by both enzyme activity and immu-



Regulation of MDR Phenotype and P-glycoprotein by Protein Kinase C 395

noblot analysis in the presence of 100 nM PMA, PKC was
maximally relocated to the particulate fraction from the
cytosol at 45 min and was not detectable at 24 hr (Fig. 1).
This translocation process of PKC is required for its enzy-
matic activity. In clonogenic assays, MCF-7/Dox cells were
about 110-fold less sensitive to Dox-induced inhibition of
colony formation than parent MCF-7 cells (Table 1).
When MCF-7/Dox cells were pretreated with 100 nM
PMA for 1 hr, the ICs, value of Dox increased from 12.5 +
1.1 to 34.0 + 2.1 uM (Table 1). Unlike PMA, non-tumor
promoting phorbol ester 4c-PDD was ineffective. Though
H7 (30 uM), a PKC inhibitor, alone did not alter the
extent of the MDR phenotype of MCF-7/Dox, it com-
pletely inhibited the PMA-induced increase in Dox resis-
tance. After a 24-hr pretreatment with 100 nM PMA to
induce total down-regulation of PKC, Dox resistance of
MCE-7/Dox cells was not altered by the presence or ab-
sence of PMA or H7. The colony-forming ability of parent
MCF-7 cells was not altered by a 1-hr pretreatment with
PMA or H7 (data not shown). These results suggest that
PMA-induced potentiation of Dox resistance of MCF-7/
Dox cells is mediated specifically through PKC activation
and that this PKC-specific effect can be inhibited by H7.

To examine further the possible mechanism of the in-
creased resistance of MCF-7/Dox by PMA treatment, in-
tracellular ["*C]Dox accumulation in parent MCF-7 and
MCEF-7/Dox cell lines was measured. Dox accumulation in

MCEF-7 cells reached a peak: at 12 hr, whereas it maintained
a plateau after 1 hr in MCF-7/Dox cells. The slope of the

TABLE 1. Effects of Dox on the colony-forming ability of
MCF-7 and MCF-7/Dox cells in the presence and absence of
PKC activator and inhibitor

Treatment IC5o* (MM)
MCEF-7 cells 0.11 £ 0.05
MCEF-7/Dox cells 125+1.1
+ PMA (100 nM) 340+12.1
+ H7 (30 uM) 10.7+1.2
+ PMA (100 nM) + H7 (30 uM) 10.0+ 0.8
+ 40-PDD (1 pM) 11.9+ 1.0
MCF-7/Dox cells pretreated with PMA for 24 hr  10.8 £ 1.4
+ PMA (100 nM) 121+ 2.2
+H7 (30 uM) 103+ 1.7
+ PMA (100 nM) + H7 (30 pM) 105+13

* IC5, is the doxorubicin concentration required to inhibit 50% of colony formation
of these cells. Values are means + SD of four separate experiments.

initial phase of Dox accumulation was about 2-fold steeper
in MCF-7 cells than in MCF-7/Dox cells. The Dox accu-
mulations in MCF-7 cells were 2.3-fold higher at 1 hr and
about 6.4-fold higher at 12 hr than those in MCF-7/Dox
cells (Fig. 2). These findings suggest that there are qualita-
tive and quantitative discrepancies between these two cell
lines in regard to intracellular drug accumulation as a net
balance of uptake and efflux.

When MCE-7/Dox cells were pretreated with 100 nM
PMA for 1 hr, Dox accumulation decreased from 28 to 15
pmol/10° cells (Fig. 3A), that is, about a 50% reduction (P
< 0.05). Neither Dox accumulation nor PMA-induced re-
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FIG. 1. Translocation and down-regulation of PKC in MCF-7/Dox cells. Cells were treated with 100 nM PMA, and activities
of PKC at the designated time points were measured in the cytosol (O) and the particulate (®) as described in Materials and
Methods. Inset: Immunoblot analysis of time-dependent down-regulation of PKC in the presence of 100 nM PMA.
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FIG. 2. Dox accumulation in MCF-7 and MCF-7/Dox cells.
MCF-7 (O) and MCF-7/Dox (@) cells were incubated for up
to 24 hr with 0.1 and 0.3 pM [*C]Dox, respectively, and the
radioactivity of the cells was measured at the designated
time points. Each time point represents a mean of at least
three different experiments.

duction of Dox accumulation in MCF-7/Dox cells was af-
fected by 30 puM H7. To examine if the PMA-induced
effect on Dox accumulation in MCF-7/Dox was PKC de-
pendent, the cells were preincubated with PMA for 24 hr to
down-regulate completely the enzyme and then treated the
same way as in Fig. 3A. This treatment did not result in
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FIG. 3. Effects of PMA and H7 on Dox accumulation in
MCF-7/Dox cells. (A) Cells were incubated with 0.3 pM
[**C]Dox in the presence or absence of 100 nM PMA for 1
hr with or without 30 pM H7 (B) Cells were pretreated for
24 hr with 100 nM PMA for complete down-regulation of
PKC and then further incubated with 0.3 pM [*C]Dox in
the presence or absence of 100 nM PMA for 1 hr with or
without 30 pM H7. A set of representative data of at least
three different experiments is shown.
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reduction of Dox accumulation, suggesting that the reduc-
tion of Dox accumulation was mediated by a PKC-
dependent mechanism that could not be blocked by H7
(Fig. 3B).

Expression of P-gp in MCF-7/Dox cells obtained at the
end of the colony formation assay was measured. Cells from
colonies pretreated with 100 nM PMA expressed several-
fold higher levels of P-gp when compared with cells from
colonies with no treatment, while P-gp expression was not
altered in cells from colonies pretreated with 30 pM H7
(Fig. 4). In cells pretreated with both PMA and H7, over-
expression of P-gp was still observed, and the extent of the
overexpression was not altered when compared with that of
PMA -pretreated cells. The intracellular drug accumulation
of cells obtained from PMA-treated colonies was qualita-
tively similar to cells from control colonies (data not
shown). Though it was not inhibited by H7, the overex-
pression of P-gp by PMA may be one of the contributing
factors for the increased MDR phenotype following pre-
treatment with PMA.

As an indication of its activation and for its action upon
stimulation, PKC translocates to the cell membrane,
nucleus, or possibly other cellular organelles. An effective
inhibitor of PKC should be able to inhibit this transloca-
tion process. Translocation of PKC isozymes in MCF-7/Dox
cells was examined in the presence or absence of PMA with
or without H7 by immunofluorescent microscopy. Upon
stimulation with PMA (100 nM), immunoreactive PKC a,
B, 8, €, and {, but not PKC v, were detected (Fig. 5). PKC
a and B appeared to translocate to the cell membrane and
nucleus, and PKC 8 and € to the perinuclear membrane and

the nucleus, respectively. As expected, PKC { was not af-
fected by treatment with PMA. H7 (30 pM) completely

P170 = 4

PMA -+ - +
H7 - - + +

FIG. 4. Expression of P-gp in MCF-7/Dox cells. Levels of
P-gp in cells from untreated colonies or colonies pretreated
with 100 nM PMA or 30 uM H7, or both were determined
by affinity-purified polyclonal antibody to P-gp.
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FIG. 5. Immunocytochemical detection of translocation of
PKC isozymes induced by PMA and its inhibition by H7.
Monolayered MCF-7/Dox cells on culture slides were
treated with 100 nM PMA in the presence or absence of 30
nM H7, and immunofluorescent analysis was carried out as
described in Materials and Methods. Immunoreactive PKC
isozymes were visualized under an immunofluorescent mi-
croscope with proper excitation. The exposure time of each
PKC isozyme was adjusted depending upon the fluorescent
intensity for proper visualization.

inhibited PMA-induced translocations of PKC & and e,
whereas it only partially blocked the translocations of PKC
a and B.

DISCUSSION

Activation of PKC by phorbol ester results in increased
phosphorylation of proteins including P-gp in MCF-7/Dox

cells [19). A recent study demonstrated that the sites phos-
phorylated on P-gp by PKC occur at multiple serine posi-
tions {27]. Elevated levels of PKC activity and PKC protein
were observed previously in MCF-7/Dox cells compared
with parent MCF-7 cells [15, 17]. In the present study,
phorbol ester treatment increased Dox resistance by 3-fold,
increased P-gp expression by several-fold, and decreased
intracellular Dox accumulation in MCF-7/Dox cells. These
effects induced by phorbol ester were not observed when
PKC was down-regulated completely or when non-tumor-
promoting phorbol ester was used, indicating that a PKC-
dependent modulation of Dox resistance was involved.
However, it is also possible that a PMA-mediated mecha-
nism(s) other than activation of PKC may have partici-
pated. In contrast to our results of phorbol ester-induced
reduction in Dox accumulation in MCF-7/Dox cells, con-
tinuous exposure of KB-V1 cells with 200 nM PMA and
vinblastine did not induce any observable effect on base-
line drug accumulation. Incubation of KB-V1 cells with
PMA and calcium channel blockers (e.g. verapamil and
tetrandrine), however, does reduce the blocker-induced in-
creases in vinblastine accumulation by about 30% [20].
These observations may be due to differences in PKC or in
drug transport mechanism(s) in MDR cell lines of divergent
origin.

H7 did not block phorbol ester-induced reduction in Dox
accumulation and overexpression of P-gp, whereas it com-
pletely inhibited the increase in Dox resistance by phorbol
ester in clonogenic assay. These findings raise three impor-
tant points. First, these results suggest that different iso-
forms of PKC may mediate different cellular processes such
as proliferation (colony formation) as well as modulation
and expression of P-gp. It is possible that a PKC isoform(s)
that is not inhibited completely by H7 may modulate the
function of P-gp in MCF-7/Dox cells. In KB-V1 cells, P-gp
phosphorylation in cells induced by phorbol ester is not
inhibited by H7 [20]. Not all PKC isozymes regulate MDR
processes including expression and modulation of P-gp.
PKC « increases phosphorylation of P-gp and thus increases
P-gp pump function [28]. PKC BI decreases drug accumu-
lation but is not associated with an altered level of P-gp
[29], whereas PKC vy does not modulate P-gp function [30].
Likewise, different functions of PKC isozymes in cellular
processes such as proliferation and differentiation of various
cell types have been studied. PKC « and & participate in
myeloid differentiation induced by PMA, whereas PKC BII
has been implicated in the proliferation of these cells [31,
32]. We observed that H7 partially inhibited translocation
of PKC a and B and completely blocked translocation of
PKC 8 and € when MCF-7/Dox cells were preincubated
with PMA, which suggests a possible modulatory role of
PKC a, B, and/or £ on pump function and expression of
P-gp. Second, the results with H7 suggest that inhibition of
PKC activity and modulation of MDR functions may have
a weak correlation. Similarly, the differential effects be-
tween modulation of MDR and inhibition of PKC activity
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by inhibitors of PKC have been studied in various MDR
cell lines. Calphostin C, a PKC inhibitor, reverses MDR
through P-gp independently of its effect on PKC activity
[33]. Effects of staurosporine derivatives and phenothiazines
on drug accumulation and PKC activity are not correlated
[34, 35]. Staurosporine, a PKC inhibitor that possesses an
inhibitory mechanism similar to that of H7 and reverses
MDR phenotype, has shown that it acts probably through
its inhibition of PKC activity but not through P-gp binding
[36]. Likewise, H7 may not bind or be a substrate of P-gp.
Unlike these PKC inhibitors, MDR-reversing drugs such as
verapamil and cyclosporine A directly interact with P-gp
[37, 38]. Third, the role of P-gp in mediating the increased
drug resistance induced by phorbol ester may not be critical,
since H7 was able to reverse the phorbol ester-induced
potentiation of MDR in spite of its ineffectiveness in block-
ing PKC-specific effects on drug accumulation and P-gp
expression. Furthermore, the selective inhibition of phorbol
ester-induced effects by H7 reflects complex mechanisms
involved with the colony-forming ability of MCF-7/Dox
cells, including PKC-dependent modulation. In addition,
the discrepancy of ratio between Dox accumulation and
Dox resistance of MCF-7 and MCF-7/Dox cells further sug-
gests that factors other than P-gp function may also be
important in drug resistance, although there may be addi-
tional functions of P-gp such as the sequestration of drug
into the cytoplasmic endosomes and lysosomes. In MCF-7/
Dox cells, glutathione S-transferase and other free radical
scavenging systems, as well as DNA topoisomerase I, are
also considered as important mechanisms responsible for
MDR {39, 40]. Recent studies have also found that P-gp
overexpression alone cannot explain the MDR phenotype
in glioblastoma cell lines, and thus P-gp-independent
mechanisms of Dox resistance (e.g. glutathione-related de-
toxifying enzymes) have been suggested [40, 41].

In studies of colony-forming ability and intracellular Dox
accumulation, complete down-regulation of PKC did not
reverse or alter the MDR phenotype of MCF-7/Dox cells,
suggesting that PKC is not a causal mechanism of the MDR
phenotype in MCF-7/Dox cells. Considering this result as
well as the efficacy of H7 and staurosporine in reversal of
MDR [42], PKC inhibitors may not be an effective treat-
ment means of MDR reversal compared with P-gp blockers
which completely reverse MDR. However, it is also reason-
able to expect that in tumors that have low-level MDR, the
modulation of P-gp activity by phosphorylation could have
a much larger impact. That is, down-regulation of PKC
might reverse MDR in such a clinical setting. Alterna-
tively, modulation of PKC activity by these chemicals may
have affected the MDR phenotype of MCF-7/Dox cells
through an altered apoptotic process of MCF-7/Dox cells,
since both activators and inhibitors of PKC including PMA
and H7 are involved with proliferation and apoptosis of
various cell types [43-45]. Since PKC-mediated apoptosis
appears to be cell-type specific and isozyme dependent, it
may be worthwhile to examine the possible effects of acti-
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vation and inhibition of PKC isozymes on apoptosis in
MCE-7/Dox cells in relation to the development and main-
tenance of the MDR phenotype.

Our study has demonstrated that activation of PKC by
phorbol ester further increases Dox resistance and expres-
sion of P-gp and decreases intracellular Dox accumulation
as well. The PKC inhibitor H7 inhibited the phorbol ester-
induced increase in Dox resistance, but not those effects of
phorbol ester on functions and expression of P-gp, suggest-
ing involvement of isozyme-specific roles of PKC on cell
proliferation and P-gp. Our study also suggests that, unlike
P-gp binding MDR inhibitors, PKC inhibitors may not be
an effective class of chemicals for circumvention of MDR.
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