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ABSTRACT

It has been suggested that protein kinase C (PKC) plays a role in
multidrug resistance (MDR). In this study we assayed PKC activity in
MOLT-3 human acute lymphoblastic leukemia cells and found an ap

proximately 50% decrease in activity in MDR sublines made resistant to
the lipophilic antifolate trimetrexate, when compared with trimetrexate-
sensitive parent cells. The PKC activity of a methotrexate-resistant
subline without MDR (MOLT-3/MTX,0.ooo) was identical to that of

parent cells. Although a downward trend was noted in PKC activity in
the membrane fraction of cells with increasing trimetrexate resistance,
there was no absolute correlation between the degree of MDR and the
relative decrease in PKC activity. Using the same method, we also
confirmed an over 6-fold increase in PKC activity in the MDR human
breast cancer subline MCF-7/DOX" when compared with the sensitive

parent cell line, MCF-7/WT.

Because of this divergent relationship between relative PKC activity
and MDR, we tested the effect of PKC inhibition and activation on drug
resistance. The PKC inhibitor staurosporine, at both subtoxic and toxic
concentrations as well as at concentrations shown to be inhibitory to
PKC, failed to increase drug resistance of parent and resistant MOLT-3
cells and decrease drug resistance of MCF-7/VVT and MCF-7/DOX"

cells. Short-term exposure to S-phorbol-ll-myristate-O-acetate, which
activated PKC 7.0-fold and 4.7-fold, respectively, in the membrane of
MOLT-3 and resistant cells, resulted in small (1.3- to 1.8-fold), approx

imately equivalent, increases (rather than decreases) in resistance to
doxorubicin, whereas for vincristine no consistent trend was observed.
Identical results were also obtained with phorbol-12,13-dibutyrate.

These results indicate that PKC activity can be decreased and increased
in MDR cells. Both staurosporine inhibition and phorbol ester activation
failed to produce changes in drug resistance that would be considered
consistent with the resulting degree of PKC activity. Short-term phorbol

ester exposure can change the sensitivity of the cells to doxorubicin
without changing the relative drug resistance. PKC activity in these cells
may then be unrelated to MDR.

INTRODUCTION

The emergence of drug resistance remains a major obstacle
to the successful treatment of human cancers. Drug-resistant
sublines of human cells developed in vitro have served as useful
tools in understanding the mechanisms that control this proc
ess. The human acute lymphoblastic leukemia cell line, MOLT-
3, has been made resistant to the lipophilic antifolate TMQ3

(1). These cells not only exhibit resistance to TMQ by virtue of
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increased dihydrofolate reducÃaseactivity and decreased TMQ
transport but also exhibit characteristics consistent with the
classical MDR phenotype (1).

Classic MDR encompasses a broad range of resistance to
antineoplastic drugs derived from natural products (2-4). These
include the anthracyclines, the Vinca alkaloids, and the epipo-
dophlotoxins. The acquisition of the MDR phenotype is asso
ciated with a net decrease in drug accumulation. This is me
diated by a M, \ 70,000 glycoprotein (P-glycoprotein) that func
tions as an efflux pump on MDR cells (5).

Calcium channel blockers, such as verapamil, and calmodulin
inhibitors, such as trifluoperazine, reverse MDR by reducing
the efflux of drug from the resistant cells (6-8). These agents
appear to function independently of their role as calcium chan
nel blockers or calmodulin inhibitors (8-10). They have also
been shown to inhibit the phospholipid/Ca2+-dependent PKC

system (11).
The role of PKC in MDR has not been clearly established.

Phorbol esters have been shown to bind to and activate PKC
(12-14). Exposure of drug-sensitive and resistant cells to phor
bol esters both induced and increased the degree of MDR (15,
16). This has been associated with enhanced phosphorylation
of the P-glycoprotein, at specific serine residues, a site associ
ated with PKC phosphorylation (17). Furthermore, changes in
PKC activity have been reported in MDR sublines (16, 18, 19).
These studies suggest a regulatory role for PKC in MDR.

We examined the role of PKC in the MOLT-3 MDR sublines.
The levels of PKC activity were measured and the effects of
STSN, a potent inhibitor of PKC (20), and PMA, the PKC
activator, on MDR were evaluated.

MATERIALS AND METHODS

Chemicals and Reagents. Histone type III-S, phenylmethylsulfonyl-
fluoride, leupeptin, PMA, PDBu, 1-a-phosphatidylserine, and DEAE-
cellulose (DE-52, Whatman) were purchased from Sigma Chemical Co.
(St. Louis, MO), and phosphocellulose paper, grade P81 (Whatman),
was from Fischer Scientific (Pittsburgh, PA). [7-12P]ATP was purchased

from Amersham (Arlington Heights, IL). RPMI 1640 and FBS were
obtained from Gibco (Grand Island, NY). STSN was kindly supplied
from Kyowa Hakko, USA (New York, NY). H-7 was purchased from
Seikagaku America (St. Petersburg, FL). TMQ was obtained from the
National Cancer Institute (Bethesda, MD). DXR was purchased from
Adria Laboratories (Akron, OH), and VCR was from Eli Lilly Labo
ratories (Indianapolis, IN).

Cell Lines. Establishment and characterization of MOLT-3 cells
have been described (21). TMQ-resistant sublines (MOLT-3/TMQ200,
MOLT-3/TMQsoo, and MOLT-3/TMQ25(x>) were developed in our
laboratory by continuous exposure of the parent cells to increasing
concentrations of TMQ (1). All of the TMQ-resistant sublines were
tested and shown to express the MDR phenotype. A MTX-resistant
subline (MOLT-3/MTX,0.000) (22), which did not express the MDR
phenotype (1), served as a control. The MCF-7 human breast carcinoma
cell line (MCF-7/WT) and the doxorubicin-resistant subline (MCF-7/
DOXR (23) were kindly provided by Dr. K. H. Cowan of the National

Cancer Institute.
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Both parent and resistant sublines were maintained in RPMI 1640
supplemented with 10% FBS and fed 3 times per week to maintain
logarithmic growth (monolayers were trypsinized once per week). The
resistant sublines were grown for a minimum of 8 passages in drug-free
medium before testing. All cell lines were periodically tested for My-
coplasma and were found to be free of contamination by the use of
Mycoplasma plates (Gibco).

Purification of PKC. The purification of PKC was performed by the
method of Kikkawa et al. (24). Briefly, logarithmically growing cells
were preincubated in the presence or absence of STSN (30 nivi) for 16
h or PMA (10 nM) for 90 min and washed 3 times in cold, Ca2+/Mg2+-
free Dulbecco's phosphate-buffered saline. Cells were homogenized

with 30-40 strokes of a hand-held Dounce homogenizer in 2 ml of
Buffer A containing 20 mivi Tris-HCl (pH 7.5), 2 HIMEDTA, 2 HIM
ethyleneglycol bis(/i-aminoethylether)-AyvyV',A''-tetraacetic acid, 5
HIM2-mercaptoethanol, 0.5 mM phenylmethylsulfonylfluoride, 10 ^g/
ml leupeptin, and 0.25 M sucrose. Cell homogenates were centrifuged
at 100,000 x g for l h at 4Â°C.The supernatant fraction represented the
"cytosolic" fraction. The pellet was solubilized in 2 ml of Buffer B
(Buffer A containing 1% Triton X-100) by stirring for l h at 4Â°C.The

homogenate was centrifuged at 100,000 x g for 1 h. The resulting
supernatant represented the solubilized "membrane" fraction. The cy

tosolic and membrane fractions were applied to 1-ml DEAE-52 col
umns previously equilibrated with Buffer C (20 mM Tris-HCl, pH 7.5,
2 min EDTA, 2 mM ethyleneglycol bis(/3-aminoethylether)-iV,AVV',W'-

tetraacetic acid, 1 //n/inl leupeptin, and 10 mM 2-mercaptoethanol).
The columns were eluted with Buffer D (Buffer C containing 0.1 M
NaCl), and a 12-ml volume was collected for PKC assay.

Protein concentrations were determined by the method of Bradford
(25), using bovine serum albumin as a standard.

Assay of PKC. The PKC assay was performed in the presence or
absence of graded concentrations of STSN in a reaction mixture con
taining 20 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM CaCl2, 400
Mg/ml histone type III-S, 400 nM PMA (or none), and 160 Â¿tg/ml1-a-
phosphatidylserine (or none). After preincubation for 3 min at 30Â°C,

50 ii\ of enzyme solution were added to 200 ^1 of the reaction mixture
containing 2 nmol of Â¡7-32P]ATP(4-5 x IO5cpm/nmol). The reaction
was run for 10 min at 30Â°Cand terminated with 1 ml of 25% trichlo-

roacetic acid. Aliquots (500 ^1) of the phosphorylated protein sample
were transferred to Whatman P-81 paper, filtered, and immersed twice
in 10% trichloroacetic acid. Filters were washed in cold deionized
water, air dried, and counted for 32Ptransferred to the histone substrate.

Enzyme activity for both membrane and cytosolic fractions was
expressed as pmol of labeled phosphate transferred per mg of protein
removed from the column per min of assay time. All assays were done
in triplicate and the results represented at least 3 experiments. Total
PKC activity represented the sum of enzymatic activity in the 2 frac
tions.

Effect of STSN on Cell Growth and Drug Resistance. For the deter
mination of the effect of STSN on cell growth and on drug resistance,

1 x IO5cells of parent MOLT-3 and resistant sublines were placed in

a total of 1 ml of culture medium in 24-cell well dishes (Corning,
Corning, NY) that contained graded concentrations of STSN and drug
(TMQ, DXR, or VCR). After incubation for 3 days at 37Â°Cin 5% CO2

and humidified atmosphere, the viable cell number was counted by
trypan blue dye exclusion. A dose-response curve was obtained by
calculating the percentage of viable cells in STSN and/or drug-treated
wells as compared with those of control wells without STSN and drug.
The degree of resistance was evaluated from the dose-response curves.
The ID50 was defined as the concentration of drug that inhibited cell
growth by 50% by Day 3, compared with untreated controls.

For the determination of the effect of STSN on growth and resistance
of MCF-7 cells, 3x10" MCF-7/WT cells or 5 x 10" MCF-7/DOX"

cells in 1.8 ml of culture medium were placed in 12-cell well dishes
(Corning). After overnight incubation at 37Â°Cin 5% CO2 and humidi

fied atmosphere, graded concentrations of STSN and/or DXR were
added to the cell wells to a total volume of 2 ml. The cells were
incubated for 4 days. At the end of the incubation period, the medium
was removed and the cells were trypsinized with 0.5 ml of 0.25%
trypsin-EDTA; 0.5 ml of medium containing 10% FBS was added and
the viable cells were counted. The dose-response curve was obtained
and the 1D50values were determined as above.

All cell sensitivity studies were performed with logarithmically grow
ing cells. Experiments with MOLT-3 and MOLT-3-resistant sublines
were done in duplicate and repeated at least 3 times, whereas MCF-7/
WT and MCF-7/DOX" experiments were done in triplicate and re

peated at least twice.
The Effect of Phorbol Esters on Drug Resistance. To determine the

effect of phorbol esters on drug resistance, MOLT-3 and resistant
sublines were exposed to either 10 nM PMA or 10 nM PDBu for 90
min in culture medium supplemented with 10% FBS. Cells were then
washed thoroughly twice with medium and incubated as described above
in medium, free of phorbol ester, with graded concentrations of DXR
or VCR. After 3 days at 37Â°Cin 5% CO2 and humidified air, the

number of viable cells was counted by trypan blue exclusion. A dose-
response curve was obtained by calculating the percentage of viable
cells in DXR- or VCR-treated wells as compared with that of control
wells that had been exposed briefly to phorbol ester but incubated for
3 days in the absence of drug. Experiments were done at least twice in
triplicate.

Statistical Analysis. Statistical significance of the experimental re
sults was obtained by the 2-sample / test.

RESULTS

Protein Kinase C Activity. Total PKC activity and its distri
bution in membrane and cytosolic fractions are shown in Table
1. Total PKC activity was decreased to approximately one-half
in MDR sublines of MOLT-3 cells. This represented decreases
in PKC activity in both the membrane and cytosolic fractions.

Table 1 PKC activity of MOLT-}-, MCF-7-, and MDR-resistant sublines
PKC activity was assayed as described in "Materials and Methods" and expressed as pmol 12Pincorporated into lysine-rich histone type IH-S/min/mg protein at

30Â°Cin the presence of Ca2*, phosphatidylserine, and PMA. Ca2*-dependent activity was subtracted from Ca2Vphosphatidylserine/PMA-dependent activity in

calculating PKC activity.

CelllineMOLT-3MOLT-3/MTX,ooooMOLT-3/TMQ20oMOLT-3/TMQ.OOMOLT-3/TMQ:.,Â«,MCF-7/WTMCF-7/DOX"Membrane1,303
Â±285*1,487

Â±258722
Â±170595
Â±202516
Â±75"44

Â±15387
Â±96'(-fold")(1.0)(1.1)(0.55)(0.46)(0.40)(1.0)(8.8)Cytosol1,456

Â±2581,358
Â±592681
Â±188C669
Â±47"942

Â±143109

Â±23544
Â±1597(-fold)(1.0)(0.93)(0.47)(0.46)(0.65)(1.0)(5.0)Total2,805

Â±5632,699
+7131,6481,2901,426152584395f22222931

23lf(-fold)(1.0)(0.95)(0.59)(0.46)(0.51)(1.0)(6.1)

â€¢Ratio of PKC activity between resistant MOLT-3 and parent cells or between MCF-7/DOX" and MCF-7/WT.
* Mean Â±SEM for 3 or more experiments, each in triplicate.
' P < 0.05 versus parent MOLT-3 cells.
'P< 0.02 versus parent MOLT-3 cells.
' P < 0.02 versus MCF-7/WT.
fP< 0.05 versus MCF-7/WT.
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â€¢MOLT-3, membrane fraction

O MOLT-3, cylosolic fraction

4MOLT-3/TMQ2i5OO membrane frocÃ¼on
A MOLT-3/TMQ2'5oocÃ¯tosolic *rÂ°ctÂ¡on

10"

STSN (M)

Fig. l. Effect of STSN on PKC activity from MOLT-3 and MOLT-3/TMQ2500
cells in a cell-free system. PKC activity was assayed as described in "Materials
and Methods" in the presence (+) or absence (â€”)of graded concentrations of
STSN. % PKC activity, ratio of PKC in the presence (+) to absence (-) of STSN.
Points, mean of 3 experiments done in triplicate. Average SD was <20% of the
mean.

Although a downward trend was noted for PKC activity in the
membrane, increases in TMQ resistance from 200- to 2500-
fold produced no statistically significant differences in PKC
activity for the 3 M DR sublines. PKC activity of MOLT-3/
MTX 10.000was essentially unchanged from the parent cells.
Examination of MCF-7/WT and MCF-7/DOXR cells indicated
that total PKC activity was 6.1-fold higher in the MCF-7/
DOXR cells with increases in activity in both the membrane

and cytosolic fractions.
Effect of STSN on PKC Activity in a Cell-free System. Fol

lowing extraction of the enzyme from MOLT-3 and MOLT-3/
TMQ250ocells, PKC activity was measured in a cell-free system
in the presence of graded concentrations of STSN. PKC activity
was inhibited in a dose-dependent manner. There were no
significant differences in inhibition of PKC activity between
parent and resistant cells for PKC isolated from either mem
brane or cytosolic fractions (Fig. 1).

Effect of STSN on PKC Activity. Exposure of MOLT-3 and
MOLT-3/TMQ250o cells to 30 nM STSN for 16 h resulted in
inhibition of PKC activity (Table 2). For the MOLT-3 cells,
PKC activity of both the membrane and cytosolic fractions were
uniformly decreased to approximately 40% of unexposed cells.
For the MOLT-3/TMQ2500 cells, STSN inhibited PKC activity
in both the membrane and cytosolic fraction by 24 and 53%,
respectively.

Effect of STSN on Cell Growth. The sensitivity of MOLT-3
and TMQ-resistant sublines to STSN is shown in Fig. 2. STSN
was cell growth inhibitory. The MDR sublines of MOLT-3
seemed to be 2- to 3-fold more resistant to the growth-inhibitory
effects of STSN than the parent cells. The ID50 of MOLT-3/
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Â«MOLT-3/TMQeoo
â€¢MOLT-3/TMQ2i500 1
Ã .MOLT-3/MTXlo'i000 i
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STSN(M)
Fig. 2. Cell growth inhibitory effects of STSN on MOLT-3 and MOLT-3/

TMQgoo. MOLT-3/TMQ2MX>,and MOLT-3/MTX,0.ooo. The percentage of viable
cells was calculated as the number of viable cells in STSN-treated wells divided
by those in control wells without STSN. Points, mean of at least 3 experiments
done in duplicate. *P < 0.01 versus MOLT-3; +. P < 0.02 versus MOLT-3; J, P
< 0.05 versus MOLT-3.

MTXio.ooowas virtually identical to that of parent cells. STSN
was also growth-inhibitory for MCF-7/WT and MCF-7/DOXR
cells. The sensitivities of MCF-7/WT and MCF-7/DOXR to

STSN were approximately equivalent (Fig. 3).
Effect of STSN on Drug Resistance. If PKC activity is related

in MDR, then inhibiting PKC in MOLT-3 and MDR sublines

(in which there is decreased PKC activity relative to parent
cells) should increase drug resistance, whereas inhibiting PKC
in MCF-7/WT and MCF-7/DOXR (which had increased PKC

activity relative to MCF-7/WT) should reverse drug resistance.
As shown in Figs. 4-6, the MOLT-3 and MDR sublines were

not made more resistant to TMQ, VCR, or DXR at both
subtoxic and toxic concentrations of STSN. This lack of effect
was observed for concentrations of STSN shown to be inhibi
tory to PKC (Fig. 1; Table 2). Similarly, STSN failed to reverse

Table 2 PKC activity in MOLT-3 and MOLT-3/TMQ,.,M cells following exposure to STSN or PMA
Logarithmically growing cells Â»erepreincubated with 30 nM STSN for 16 h or 10 nM PMA for 90 min before assaying for PKC activity as described in "Materials

and Methods." See legend of Table 1.

MOLT-3Membrane

Cytosol
TotalMOLT-3/TMQ2.,oo

Membrane
Cytosol
TotalControl1,303

Â±285*

1.456 Â±258
2.805 Â±563516

Â±75
942 Â±1431.426

Â±222STSN470

Â±137
569 Â±176

1.036Â±298397

Â±130
438 Â±98
834 Â±227(-fold0)<0.36C>

(0.39Â°)
(0.37f)(0.76)

(0.47--)

(0.59)PMA9,120

Â±3.271
919 Â±304

10,039 Â±3,5162,434

Â±627
1,165Â± 126
3,599 Â±744(-fold)(7.0")

(0.63)
(3.6)(4.7')

(1.2)
(2.5f)

" Ratio of PKC activity of MOLT-3 or MOLT-3/TMQ2.!0ocells preincubated with either STSN or PMA relative to the PKC activity of control cells without either

drug.
4 Mean Â±SEM for at least 3 experiments done in triplicate.
c P < 0.02 versus control.
d P < 0.05 versus control.
*P < 0.01 versus control.
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Fig. 3. Cell growth inhibitory effects of STSN on MCF-7/WT and MCF-7/

DOX*. The percentage of viable cells was calculated as the number of viable cells
in STSN-treated wells divided by those in control wells without STSN. Points,
mean of at least 2 experiments done in triplicate. Average SD was <20% of the
mean.

drug resistance of MCF-7/WT and MCF-7/DOXR to DXR

(Fig. 6fi).
Effect of PMA on PKC Activity. Total PKC was increased

for both MOLT-3 and MOLT-3/TMQ250o following 90 min of
PMA exposure (Table 2). This represented a 7.0-fold increase
in PKC activity in the membrane fraction of MOLT-3 cells and
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Fig. 5. Effect of STSN on VCR resistance in parent and MDR sublines of
MOLT-3 cells. The percentage of viable cells was calculated as the number of
viable cells in wells containing fixed concentrations of STSN (or none) and graded
concentrations of VCR divided by the number of cells in control wells without
STSN and VCR. Points, mean of at least 3 experiments done in duplicate.
Average SD was <18% of the mean.

a 4.7-fold increase in the membrane fraction of MOLT-3/
TMQ25oo cells. Cytosolic activity was decreased for MOLT-3
but did not change appreciably for MOLT-3/TMQ250o.

Effect of Phorbol Ester on Drug Resistance. If PKC activity
is related to MDR in MOLT-3 and its MDR sublines, then
PKC activation should decrease drug resistance. However, as
shown in Fig. 7, following 90 min of PMA exposure there was
a slight trend towards increased DXR resistance (1.3- to 1.8-
fold increase in the ID50) for both parent and resistant cells.

Fig. 4. Effect of STSN on TMQ resistance
in parent and M DR sublines of MOLT-3 cells.
The percentage of viable cells was calculated
as the number of viable cells in wells containing
fixed concentrations of STSN (or none) and
graded concentrations of TMQ divided by the
number of cells in control wells without STSN
and TMQ. Points, mean of at least 3 experi
ments done in duplicate. Average SD was
<20% of the mean.

STSN(M)
â€¢0O 3XIO"9
3 I XIO'8
02XIO-"

IO"9 IO"8 IO"7 IO"6 IO'5 IO"4 IO"6

TMQ(M)

IO"5 IO-4

58

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/55/2443058/cr0510010055.pdf by guest on 19 M

ay 2023



PROTEIN KINASE C AND MULTIDRUG RESISTANCE

Fig. 6. Effect of STSN on DXR resistance
in MOLT-3 and MOLT-3/TMQ2500 (A), Ã¤s
well as on MCF-7/WT and MCF-7/DOX"

breast cancer cells (B). The percentage of via
ble cells was calculated as the number of viable
cells in wells containing fixed concentrations
of STSN (or none) and graded concentrations
of DXR divided by the number of cells in
control wells without STSN and DXR. For
MOLT-3 and MOLT-3/TMQ250o, points rep
resent a mean of at least 3 experiments done
in duplicate. For MCF-7/WT and MCF-7/
DOX", points represent a mean of at least 2

experiments done in triplicate. Average SD
was<18% of the mean.

MCF-7

STSN (M)
\- 00

â€¢3X IO'9
- Â®I XIO'8

MCF-7/DOXR

STSN(M)
AOA3XIO'9
A8XIO'9

B

IO
"5 O IO'9 IO"8 IO"7

IO
"6 IO"5 IO"4

DXR(M) DXR(M)

100Â»

O MOLT-3

â€¢MOLT-3 +PMA

aMOLT-J/TMOeoo

â€¢MOLT-3/TMQeoo+ PMA

UMOLT-3/TMQz500

A MOLT-3/TM0250o+ PM*

O IO"9 IO"8 IO"7 IO"6 IO"7 IO"6

DXR(MI

Fig. 7. Effect of PMA on DXR rÃ©sistancein MOLT-3 and MDR sublines.
MOLT-3, MOLT-3/TMQ.OO, and MOLT-3/TMQ!!00 cells were exposed to 10
nvi PMA for 90 min, washed thoroughly, and then exposed to graded concentra
tions of DXR for 3 days. The percentage of cells was calculated as the number of
viable cells in DXR-treated wells divided by those in control wells without DXR.
Points, mean of at least 2 experiments done in triplicate. Average SD was <10%
of the mean.

100

a MOLT-3/TMOeoo

â€¢MOLT-3/TMQaoo +

UMOLT-3/TM02500

â€¢MOLT-3/TM02500 +

-7IO"10IO"9 IO"0 IO'

VCR(M)

-,-6

Fig. 8. Effect of PMA on VCR resistance in MOLT-3 and MDR sublines.
MOLT-3, MOLT-3/TMQ,oo, and MOLT-3/TMQ!5oo cells were exposed to 10
nM PMA for 90 min, washed thoroughly, and then exposed to graded concentra
tions of VCR for 3 days. The percentage of cells was calculated as the number of
viable cells in VCR-treated wells divided by those in control wells without VCR.
Points, mean of at least 2 experiments done in triplicate. Average SD was <15%
of the mean.

Identical results were also obtained with PDBu (data not
shown). For VCR, this effect was not observed (Fig. 8). The
short-term phorbol ester exposure had no effect on cell growth
(data not shown).

DISCUSSION

Our studies demonstrate that PKC activities in MDR sublines
of MOLT-3 human lymphoblastic leukemia cells are decreased
to approximately one-half of those in parent cells (Table 1).
Although a trend is observed in the membrane fraction of
MOLT-3 MDR cells, there is no absolute correlation between
the degree of TMQ resistance and the magnitude of decrease
in PKC activity.

Our observations, made in a human cell line, are consistent
with those of Ido et al. (18), who showed a 30% decrease in
PKC activity, particularly in the membrane fraction, of P388
murine leukemic cells resistant to etoposide. These results can
be contrasted with those of Aquino et al. (19), who demon
strated a 2-fold increase in PKC activity in the HL-60/DOX-
resistant subline, and Fine et al. (16), who reported a 7-fold
increase in PKC activity in MCF-7/DOXR. These differences

cannot be attributed to differences in methodology since our
method for PKC determination indicated a 6.1-fold increase in
PKC activity for MCF-7/DOXR (Table 1), similar to that

reported by Fine et al. (16).
The reason for MDR cells showing decreased or increased

PKC activity is unclear. Since PKC activity is not decreased in
MOLT-3/MTX10.ooo (Table 1), a subline with increased dihy-
drofolate reducÃaseand decreased reduced folate transport (22)
but without the MDR phenotype (1), it would suggest that
decreased PKC activity in our MDR sublines is related to the
induction of MDR. However, there is no absolute correlation
between the degree of MDR and the relative decrease in PKC
activity.

It is possible that differences in PKC activity in MDR cells
are related to particular selecting agents. The increased PKC
activity seen with MCF-7/DOXR and HL-60-resistant sublines

(16, 19) may reflect induction of resistance with the particular
selecting agent DXR, whereas selection with other agents may
be accompanied by decreased enzyme activity. This phenome
non may be analogous to the effect of PMA on PKC, which
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initially results in translocation of PKC from the cytosol to the
membrane and, subsequently, results in a decrease in PKC
activity for both cytosolic and membrane fractions (26-28).
Further studies are needed to confirm this proposition.

PKC activity in parent MOLT-3 cells is 18.5-fold greater
than that observed for MCF-7/WT (Table 1). Furthermore,
PKC activity of MDR MOLT-3 sublines remains consistently
higher than that observed for MCF-7/DOXR. Therefore, it is

difficult to draw conclusions regarding the role of PKC based
solely on a comparison of PKC activity in these MDR sublines.

To further define the role of PKC in MDR, we decided to
test the effect of PKC on drug resistance. If PKC plays a direct
role in regulating MDR, then inhibition of PKC activity should
make MDR sublines of MOLT-3 cells more resistant to drug
and MCF-7/DOX" cells more sensitive to drug. STSN, a

microbial alkaloid that potently inhibits the catalytic domain
of PKC (20, 29), was selected to test this hypothesis.

STSN at both toxic and subtoxic concentrations (Figs. 2 and
3) failed to modulate MDR in both MOLT-3- and MCF-7-
resistant sublines (Figs. 4-6). H-7, also an inhibitor of the
catalytic site of PKC (29-30), failed to modulate MDR in
MOLT-3-resistant sublines (data not shown).

As suggested by tests in the cell-free system, the concentra
tions of STSN tested were sufficient to inhibit both membrane
and cytosolic PKC of MOLT-3 and MOLT-3/TMQ2500 cells
(Fig. 1). When MOLT-3 and MOLT-3/TMQ250o cells were first
exposed to 30 n\i STSN and then tested for PKC activity 16 h
later, PKC inhibition was still observed. STSN exposure re
sulted in an approximately 60% decrease in PKC activity in the
membrane fraction of MOLT-3 cells (Table 2). In the case of
MOLT-3/TMQ25oo, STSN decreased PKC activity in the mem
brane to 24% of control (Table 2). This suggests that higher
concentrations of STSN than indicated by the cell-free system
(Fig. 1) may be needed to inhibit PKC so as to modulate MDR
of MOLT-3/TMQ.2500 cells.

The failure of STSN to reverse MDR may be due to a lack
of enzyme specificity, especially at these higher concentrations.
It has been shown that, even though STSN is an exceptionally
potent inhibitor of PKC, it also inhibits other kinases, including
cyclic AMP-dependent kinase from bovine heart and p60vsrc

tyrosine kinase at similar n\i concentrations (20, 31). There
fore, it may be because of this lack of enzyme specificity that
we failed to observe an increase in MDR.

Since STSN is not a selective PKC inhibitor, we also tested
the effects of phorbol ester activation on PKC in MOLT-3 and
its MDR sublines. Short-term PMA exposure increased PKC
activity in the membrane fraction of MOLT-3 and MOLT-3/
TMQ25(x>cells 7.0-fold and 4.7-fold, respectively. There was no
decrease in PKC activity in the cytosolic fraction of MOLT-3/
TMQ250fl cells. This is consistent with the report that PMA-
induced translocation to the membrane is attenuated in MDR
cells (32).

If PKC is related to MDR, then PKC activation in MOLT-3
and its MDR sublines should increase drug sensitivity and
reverse MDR. Short-term phorbol ester exposure of these cells
to either PMA or PDBu, rather than reversing drug resistance,
made the cells slightly more resistant to DXR (Fig. 7). The
small increase in drug resistance to DXR was approximately
equivalent for both parent and resistant cells. Therefore, the
relative drug resistance (e.g., the ratios of the ID50 of PMA-
exposed resistant cells to the ID50of PMA-exposed parent cells
to DXR) remains unchanged. Since the short-term phorbol
ester exposure had no appreciable effect on cell growth, this

appears to represent a decrease in the sensitivity of the phorbol
ester-exposed cells to DXR. This effect was not seen for VCR
(Fig. 8), which would have been anticipated if this phenomenon
were related to MDR. It has been suggested that PKC plays a
role in mediating the cytotoxic response to DXR (32), and this
may explain the changes in DXR sensitivity observed following
short-term phorbol ester exposure.

In summary, PKC can be both increased and decreased in
MDR sublines. Attempts to modulate MDR with STSN and
phorbol esters failed to result in a change of drug sensitivity or
resistance consistent with PKC inhibition or activation. A small
decrease in sensitivity of PMA-exposed cells to DXR was
observed, which did not represent a change in relative drug
resistance.

Our results suggest that PKC activity is unrelated to MDR
in these cells. The role of PKC in MDR cells remains to be
defined. PKC is the product of a PKC supergene family (33).
The PKC isoforms demonstrate differences in enzymatic prop
erties and are activated differently by diacylglycerol and arachi-
donic acid (34). An evaluation of PKC isoforms and an attempt
to correlate them with MDR cells is currently under way.
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