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Purpose. We previously reported that in patient tumors the expres-
sion of the mdr1 p-glycoprotein (Pgp) resulted in a lower paclitaxel-
induced inhibition of DNA precursor incorporation, but a higher
apoptosis (Clin. Cancer Res. 4:2949–2955, 1998). The present study
was to evaluate these findings in an experimental system where the
Pgp effect can be studied without confounding factors such as the
intra- and inter-tumor heterogeneity associated with patient tumors.
Methods. To separate the effect of Pgp on intracellular paclitaxel
accumulation from its effects on drug sensitivity, we compared the
drug activity at various extracellular and intracellular drug concen-
trations using the human breast MCF7 tumor cells and its mdr1-
transfected variant BC19 cells.
Results. Compared to MCF7 cells, BC19 cells showed a 9-fold higher
Pgp level and >13-fold higher mdr1 expression. Intracellular pacli-
taxel accumulation was 80–130% lower in BC19 cells when the ex-
tracellular concentrations were #100 nM, but the difference was re-
duced to <15% differences at higher extracellular concentrations of
$1,000 nM. For the G2/M block effect MCF7 cells were 43-fold more
sensitive than BC19 cells at equal extracellular concentration, and
3.5-fold more sensitive at comparable intracellular concentrations.
On the contrary, BC19 cells were more sensitive to the apoptotic
effect; BC19 cells showed equal or higher apoptosis compared to
MCF7 cells at extracellular concentrations above 100 nM, and a 30–
100% higher apoptosis at comparable intracellular concentrations.
Conclusions. These results confirm our previous observations in pa-
tient tumors and indicate that enhanced Pgp expression is associated
with enhanced sensitivity to the apoptotic effect of paclitaxel and
reduced sensitivity to its G2/M block effect, via yet-unknown mecha-
nisms that are unrelated to the effect of Pgp on intracellular drug
accumulation.
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INTRODUCTION

Paclitaxel is one of the most important anticancer drugs
developed in the past two decades. It has shown significant
activity against human solid tumors, i.e. ovarian, head and
neck, bladder, breast, and lung cancers (1). Paclitaxel en-

hances tubulin polymerization, promotes microtubule assem-
bly and stabilizes microtubule dynamics, resulting in inhibi-
tion of cell proliferation and apoptosis (2–4). In human blad-
der, breast, head and neck, ovarian, and prostate tumors,
paclitaxel inhibits tumor cell proliferation and induces apop-
tosis (5–9).

Studies using cell lines have indicated that increased drug
efflux mediated by Pgp overexpression results in paclitaxel
resistance (10). On the other hand, the significant activity of
paclitaxel in doxorubicin-refractory breast cancer patients
(11), which often exhibit Pgp overexpression (12), suggests
that Pgp overexpression does not necessarily result in clinical
resistance to paclitaxel. This is confirmed by the lack of cor-
relation between Pgp status and prognosis in leukemia pa-
tients (13,14). To better understand the basis of these para-
doxical observations, our laboratory has examined the rela-
tionship between paclitaxel-induced antiproliferation and
apoptosis with tumor pathobiological properties including tu-
mor stage, grade, labeling index (LI), and expression of Pgp,
p53, and Bcl-2 in about 100 human bladder, breast, head and
neck, ovarian, and prostate tumors (15). Our results indicate
that the antiproliferative and apoptotic effects of paclitaxel
are correlated with different tumor properties. The antipro-
liferative effect is inversely correlated with tumor stage,
grade, LI and expression of Pgp, p53, and Bcl-2. The apop-
totic effect is positively correlated with Pgp expression, LI
and tumor grade, but is not related to tumor stage and ex-
pression of p53 and Bcl-2. We further found that the maxi-
mum sensitivity of individual tumors to the antiproliferative
and apoptotic effects is inversely related, i.e. tumors that
showed a lower maximum response to the antiproliferative
effect displayed a higher maximum apoptosis. The different
and often opposite relationships between the two effects and
tumor pathobiological factors indicate that these effects are
determined by different factors. Furthermore, because a drug
effect is usually mediated by its intracellular concentration,
the unparallel sensitivity of individual tumors to antiprolif-
eration and apoptosis indicate that the two effects are deter-
mined by factors other than drug concentration. Finally, while
the inverse relationship between Pgp expression and drug-
induced antiproliferation may be due to the enhanced drug
efflux in Pgp-positive tumors, the positive correlation be-
tween Pgp overexpression and drug-induced apoptosis is un-
expected and suggests that biologic changes unrelated to drug
efflux have resulted in enhanced apoptosis in the Pgp-positive
tumors.

The two purposes of the present study were to evaluate
the relationship between Pgp expression and the antiprolifer-
ative and apoptotic effects of paclitaxel in an experimental
system where the Pgp effect can be studied without confound-
ing factors such as the intra- and inter-tumor heterogeneity
associated with patient tumors, and to test the hypothesis that
the enhanced apoptosis and reduced G2/M block in Pgp-
expressing cells is due to changes in tumor sensitivity to pa-
clitaxel rather than, or in addition to, differential intracellular
drug accumulation. The first goal was accomplished by com-
paring the concentration-response relationships in two cell
lines which differ in their expression of Pgp, i.e. the human
breast MCF7 carcinoma cells and the corresponding mdr1-
transfected variant BC19 cells which over-express Pgp (16).
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For the second goal which required a separation of the drug
efflux effect of Pgp from other biologic consequences, first we
established the extracellular drug concentrations that yielded
equal intracellular drug concentrations in the two cell lines,
and then we compared the drug effect at equal intracellular
drug concentrations.

MATERIALS AND METHODS

Chemicals

Paclitaxel was a gift from the Bristol-Myers Squibb Co.
(Wallingford, CT) and the National Cancer Institute
(Bethesda, MD), and [3H]paclitaxel (specific activity 19.3
mCi/mmol) from the National Cancer Institute. Cefotaxime
sodium was purchased from Hoechst-Roussel (Somerville,
NJ), gentamicin from Solo Pak Laboratories (Franklin Park,
IL), other tissue culture supplies (i.e. RPMI 1640, L-
glutamine, sodium pyruvate, fetal bovine serum (FBS)) from
GIBCO Laboratories (Grand Island, NY), phenylmethylsul-
fonyl fluoride, sulforhodamine B (SRB) and propidium io-
dide from Sigma Chemical Co. (St. Louis, MO), mouse mono-
clonal antibody against Pgp (JSB-1) from BioGenex (San
Ramon, CA), linked Streptoavidin-Biotin detection kit from
Dako (Carpiteria, CA), and PCR primers from Genesys Inc.
(Woodlands, TX). All chemicals and reagents were used as
received.

Cell Culture Conditions

Human breast cancer cell lines, MCF7 and its mdr-1
transfected variant BC19 cells, were gifts from Dr. Kenneth
Cowan (National Cancer Institute). The BC19 cells are stably
transfected with mdr1 and do not require additional treat-
ment to maintain the Pgp expression (16). The culture me-
dium was RPMI 1640 medium supplemented with 10% FBS,
2 mM L-glutamine, 90 mg/ml gentamicin and 90 mg/ml cefo-
taxime sodium. Cells were incubated with complete medium
at 37°C in a humidified atmosphere of 5% CO2 in air. For
experiments, cells were harvested from subconfluent cultures
using trypsin and resuspended in fresh medium before plat-
ing. The cell cycle time, or the doubling time in exponentially
growing cells, was 24 h for both cell lines.

Western Blot Analysis of Pgp

The procedures for Western blot analysis of Pgp were as
described elsewhere (5). Briefly, cells were incubated in 10
mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 7.4), 0.5%
(w/v) SDS, and 1 mM phenylmethylsulfonyl fluoride for 10
min. The swollen cells were ruptured in a Dounce homog-
enizer (Pierce Chemical Co., Rockford, IL) with 20 or more
strokes. After centrifugation at 15,000 × g for 20 min, the
supernatant was analyzed for Pgp. Samples with equal
amount of proteins were loaded on a 7.5% SDS-PAGE and
transferred electrophoretically onto nitrocellulose mem-
branes. Nitrocellulose membranes were blocked overnight in
5% skim milk in Tris-buffered saline containing 0.1% Tween
20 (TBST) and then washed twice with the same buffer. The
membrane was incubated with antibody (1:500 dilution) for 1
h room temperature. The linker solution and peroxidase-

conjugated streptavidin (1:5 dilution in TBST containing 1%
BSA) were applied sequentially and then washed with TBST.
The bands were developed using ECL Western blotting de-
tection reagents (Amersham Life Science, Little Chalfont,
Buckinghamshire, England).

Analysis of mdr1 Expression

The expression of mdr1 was determined using a semi-
quantitative RT-PCR method as described previously (17).
This method is based on the relative amplification of a target
gene and an endogenous gene (b-actin) which is used as an
internal standard. The upstream primer for mdr1 was 58-
CCCATCATTGCAATAGCAGG-38 and the downstream
primer was 58-GTTCAAACTTCTGCTCCTGA-38, and the
resulting fragment was 167 bp. The upstream primer for b-ac-
tin was 58-GCGGGAAATCGTGCGTGACATT-38 (BA-
67), and the downstream primer was 58-GATGGAGTT-
GAAGGTTAGTTTCGTG-38 (BA-68), and the resulting
fragment was 328 bp.

Total cellular RNA was extracted using the acid gua-
nidium thiocyanate-phenol-chloroform method (17). Cells
were washed with PBS buffer and collected with denaturing
solutions (4 M guanidine thiocyanate, 42 mM sodium citrate,
0.83% N-lauryl sarcosine, 0.2 mM b-mercaptoethanol). Cell
suspension was mixed with 0.1 volume of 2 M sodium acetate,
pH 4.0. After incubation on ice for 20 min, cells were ex-
tracted with phenol:chloroform:isoamyl alcohol (25:24:1). Af-
ter centrifugation at 10,000 × g for 20 min at 4°C, RNA in the
aqueous supernatant was transferred and precipitated with
equal volume of isopropanol at −20°C for at least 30 min. The
centrifugation and precipitation steps were repeated once.
The resulting RNA pellet was washed with 75% ethanol, re-
suspended in 1 ml of RNase-free H2O and stored at −20°C.

The amount of total RNA was quantitated by UV ab-
sorbance at 260 nm. RNA was reverse transcribed to cDNA
as described previously (17). Briefly, 10 mg RNA were added
to a master mixture containing 20 ml of 5× Reverse Transcrip-
tase buffer, 5 ml of deoxyribonucleotide triphosphate (10
mM), 10 ml of dithiothreitol (10 mM), 2.5 ml of RNase (40,000
units/ml), 0.5 ml of random hexamers (0.45 units/ml), and 5 ml
of MMTV reverse transcriptase (200 units/ml). Following in-
cubation at 42°C for 1 h and 72°C for 10 min, the reaction was
terminated by heating to 95°C for 3 min. The resulting cD-
NAs were stored at −20°C until analysis.

A series of cDNA dilutions were prepared and amplified
in a reaction mixture consisting of 5 ml cDNA, 2.5 ml l0× PCR
buffer, 0.5 ml deoxyribonucleotide triphosphate (10 mM), 1 ml
of 38 and 58 primers (12.5 pmol/ml), 3.75 ml MgCl2 (12.5 mM),
2 ml Taq DNA polymerase (500 units/ml), and 9.25 ml distilled
H2O. The reaction was carried out in a thermal cycler under
the following conditions: 95°C for 5 min, 94°C for 40 s, 64°C
for 60 s, and 72°C for 60 s. Following 29 cycles of PCR, a final
extension at 72°C for 7 min was performed. Subsequently, 10
ml of the amplified products was loaded on a 2% agarose gel
and run for 1 h at 100 v. The gel was stained with ethidium
bromide and photographed under UV light with the Gel
printing 2000 system. The intensity of the bands was mea-
sured by densitometry using GPTools software. The amount
of target gene amplified product was compared to that of the
internal standard b-actin within the linear amplification range
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using the following calculation, where intensity was the opti-
cal density of the band.

Ratio of PCR product =
intensity of target gene
volume of target gene

×
volume of b-actin
intensity of b-actin

(1)

Drug Treatment

Paclitaxel stock solutions were prepared in ethanol at 10
mg/ml and stored at −70°C. Aliquots of the stock solution was
added to culture medium so that the final concentration of
ethanol was <0.1%, which does not affect paclitaxel activity
(18).

To evaluate whether the differences in the G2/M block
and apoptotic effects of paclitaxel in MCF7 and BC19 cells
resulted from the differences in intracellular drug accumula-
tion, and to separate the efflux effect of Pgp from other bio-
logical consequences, we compared the drug effects in the two
cell lines attained at equal extracellular and intracellular con-
centrations.

Measurement of Overall Drug Effect

Cells were seeded in 96 well microtiter plates (3,000–
5,000 cells in 0.2 ml per well), and were allowed to attach to
the plate surface by growing in drug-free medium for 20 to 24
h. Afterwards, cells were incubated with 0.2 ml of culture
medium containing 0.1 to 10,000 nM paclitaxel for 96 h. There
were six replicates for each concentration per plate. To avoid
potential problems caused by evaporation of medium in wells
located at the edge of the plate (which would alter the drug
concentration), only the inner wells (rows 2 to 7 and columns
2 to 11) in the 96-well plates contained cells. The outer wells
contained only the tissue culture medium, to serve as blanks.

The overall drug effect, which represents the combina-
tion of the antiproliferative and apoptotic effects of paclitaxel,
was measured using the SRB assay. SRB stains for cellular
proteins (19). In brief, after removing the drug-containing
medium at the end of drug treatment, plates were rinsed 1 to
3 times with 0.2 ml phosphate-buffered saline (PBS) for about
10 min. The cells were then fixed by incubating with 0.05 to
0.2 ml of 10% trichloroacetic acid at 4°C for 1 h, followed by
5 washes with distilled water. SRB solution (0.035–0.15 ml,
0.4%) was added at room temperature for 10 min to stain the
cells. Afterward, the plate was washed 5 times using 1% gla-
cial acetic acid and allowed to air-dry overnight. Tris-HCl (10
mM, 0.2 ml per well) was then added to dissolve the SRB
bound to cellular protein, which was measured by absorbance
at 490 nm using an EL 340 microplate biokinetics reader (Bio-
Tek™ Instruments Inc., Winooski, VT).

The relationship of paclitaxel-induced effect and drug
concentration was analyzed by computer-fitting a sigmoidal
pharmacodynamic function to the experimental data using
nonlinear least square regression (NLIN; SAS, Cary, NC), as
previously described (20). The pharmacodynamic function
takes into account the residual unaffected cell fraction.

Measurement of Drug-Induced Apoptosis

Apoptosis was quantified by two methods. ELISA (Cell
Death Detection ELISA kit, Boehringer Mannheim, Ger-

many) was used to quantify the amount of DNA-histone com-
plex released to the cytoplasm. In brief, 2.5 × 105 cells were
plated in 25 ml flasks, allowed to attach to the flask for 20–24
h, and then treated with paclitaxel for 48 h. This treatment
duration was selected because it resulted in readily detectable
apoptosis. It is noted that we subsequently discovered that a
3 h treatment was sufficient to cause apoptosis, provided that
apoptosis was measured after a lag time of 24 h (20). After
treatment, attached cells were harvested by trypsinization and
the detached cells dispersed in the culture medium were col-
lected by centrifugation at 500 × g. Fifty thousand cells in-
cluding both detached and attached cells were lyzed in lysis
buffer, and the cytoplasmic fractions of the lysates were
placed in a plate precoated with mouse anti-histone primary
antibody and mouse anti-DNA antibody conjugated to per-
oxidase. The peroxidase substrate, 2,28-azido-di-3-
ethylbenzthiazoline sulfonate, was applied and the absor-
bance at 405 nm was measured.

The number of apoptotic cells after paclitaxel treatment
was quantified using the ApoAlert Annexin V assay (Clon-
tech Lab., Palo Alto, CA). Apoptotic cells lose membrane
phospholipid asymmetry and expose phosphatidylserine on
the outer leaflet of the plasma membrane (21). The external-
ized phosphatidyl-serine was labeled with Annexin V at-
tached to a fluorescence probe FITC (green fluorescence). As
apoptosis progresses, propidium iodide penetrates cell mem-
brane and stains the cytoplasm (yellow-red stain). Briefly,
cells were treated, harvested as described for the ELISA,
suspended in 0.2 ml binding buffer, incubated with 10 ml An-
nexin V-FITC (0.5 ml/ml) and 10 ml propidium iodide (1 ml/
ml) for 5–15 min in the dark, and examined by fluorescence
microscopy using a dual filter at 488 nm. The numbers of
labeled cells, including Annexin V-labeled cells that were in
the early stage of apoptosis and cells that were doubly labeled
with Annexin V and propidium iodide that were in the middle
and late stages of apoptosis, were quantified.

Intracellular Accumulation of Paclitaxel

The procedures are as described previously (20). In brief,
cells were plated at a density between 1.5–2.5 × 104 cells/ml in
25 ml flasks, and incubated with drug-free medium for 20–24
h. Afterward, the culture medium was replaced with 10 ml of
medium containing mixtures of unlabeled paclitaxel and
[3H]paclitaxel (specific activity, 1.93–19.3 mCi/nmol). We pre-
viously showed in a drug uptake study that the intracellular
and extracellular drug concentrations reached a pseudo
steady state at ∼4 h (22). Hence, the present study compared
drug accumulation in MCF7 and BC19 cells after incubation
for 8 h. After incubation, cells were washed twice with 5 ml of
ice-cold versene and then harvested as a suspension after
trypsinization. Cell number was determined using a Coulter
Counter (Coulter Electronics Inc., Hialeah, FL), after dilu-
tion with 10–20 volumes of Isotone (Coulter Electronics,
Inc.). To determine the radioactivity, samples were dissolved
in 1 ml of Solvable Tissue Gel Solubilizer (Dupont, Boston,
MA), mixed with 10 ml of Atomlight, and processed by liquid
scintillation counting.

We have shown that over 95% of the intracellular radio-
activity is represented by unchanged paclitaxel, and its bi-
directional epimerization product 7-epitaxol. 7-Epitaxol ac-
counts for <10% of total paclitaxel equivalence at 6 h, when
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the equilibrium between cells and medium has been reached
(22). Compared to paclitaxel, 7-epitaxol has reduced polarity
but identical microtubules binding affinity and cytotoxicity
(23). Hence the total recovered radioactivity was taken as
paclitaxel equivalents without further correction.

Intracellular drug concentration was expressed in molar
term, by dividing the amount of drug per cell with the cell
volume. A separate study used image analysis to determine
the size of MCF7 and BC19 cells, and found no difference in
their cell volumes, i.e. 2.09 and 1.96 ml per 106 cells, respec-
tively (22).

Cell Cycle Analysis by Flow Cytometry

The distribution of cells in cell cycle phases was deter-
mined by standard flow cytometric analysis (24). In brief, 2.5
× 105 cells were plated in 25 ml flasks and allowed to attach to
the flask for 20–24 h. Different concentrations of paclitaxel
were then added. After 24 h treatment, cells attached to cul-
ture flasks were collected by trypsinization and the detached
cells dispersed in the culture medium were collected by cen-
trifugation at 500 × g. After washing with the washing buffer
(1 mM EDTA, 1% bovine serum albumin or BSA in Hank’s
balanced salt solution) once, cells (attached plus detached)
were dispersed into single cell suspensions which were fixed
in ice-cold 70% ethanol for 30 min, and centrifuged at 1,000 ×
g for 2 min. After two washes in the washing buffer, cells were
resuspended in 0.5 ml staining solution (40 ml/ml propidium
iodide and 1 mg/ml RNase A in Hank’s Balanced Salt Solu-
tion) and incubated at 37°C for 30 min. Samples were stored
at 4°C for at least 1.5 h and analyzed by flow cytometry using
a coulter EpicS Elite ESP cytometer (Coulter Corporation,
Miami, FL). Single parameter DNA histograms from gated

mode data were analyzed for cell cycle phase distribution
using the multicycle AV (Phoenix Flow Systems, San Diego,
CA). Modfit (Verity Software House, Topsham, ME) was
used for cell cycle analysis.

Statistical Analysis

Differences in the results for the two cell lines were ana-
lyzed by the unpaired two-tailed Student’s t test.

RESULTS

Pgp Level and mdr1 Expression

Figure 1A shows the Western blot analysis of Pgp level
and Fig. 1B shows the results of the RT-PCR analysis of mdr1
expression. The level of Pgp in MCF7 cells was barely detect-
able whereas the level in BC19 cells was 9.3-fold higher. The
RT-PCR results showed undetectable mdr1 expression in
MCF7 cells and high mdr1 expression in BC19 cells. Com-
pared to the level of mdr1 expression in a reference cell line,
i.e. doxorubicin-resistant SKOV3 cells, where the expression
was arbitrarily assigned a value of 100% (data not shown), the
level of mdr1 expression was 133% in BC19 and <10% in
MCF7. These results are in agreement with the literature data
showing a much higher mdr1 expression in BC19 cells com-
pared to MCF7 cells; the relative ratio of gene expression was
153% and <1% when compared to that in a reference cell
line, i.e. doxorubicin-resistant AdrR MCF7 cells (16).

Accumulation of [3H]Paclitaxel in Cells

Table I compares the intracellular accumulation of pa-
clitaxel in MCF7 and BC19 cells, at various extracellular con-
centrations. At extracellular concentrations of #100 nM, drug
accumulation in MCF7 cells was between 80% to 130%
higher than in BC19 cells, which is in agreement with the
higher Pgp level in BC19 cells. At higher extracellular con-
centrations of $1,000 nM, there were insignificant differences
in drug accumulation (i.e., <15%), due to saturation of the
Pgp-mediated efflux (25). Table I also shows that treatment of
BC19 cells with 70, 350, 1,300, and 5,077 nM yielded approxi-
mately equal intracellular concentrations as in MCF7 cells
treated with 10, 100, 1,000, and 5,000 nM. It is noted that the
intracellular concentrations were 150- to 3,500-fold higher
than the extracellular concentrations, due to the extensive
binding of paclitaxel to intracellular components (4,20,22).

Fig. 1. Western blot analysis of Pgp level and RT-PCR analysis of
mdr1 expression. (A) Western blot analysis of proteins. (B) RT-PCR
analysis of expression of mdr1 mRNA.

Table I. Intracellular Paclitaxel Accumulation in MCF7 and BC19 Cells

Cell

Intracellular concentration, mM at the following extracellular concentrations

1 nM 10 nM 70 nM 100 nM 350 nM 1,000 nM 1,300 nM 5,000 nM 5,077 nM

MCF7 2.0 ± 0.1 35 ± 1.2 NA 89 ± 5.2 NA 197 ± 18 NA 775 ± 53 NA
BC19 0.87 ± 0.16 13.8 ± 0.5 37 ± 0.8 50 ± 1.1 88 ± 4.7 175 ± 6.7 195 ± 9.3 671 ± 55 750 ± 45
p <0.01 <0.01 NA <0.01 NA NS NA NS NA

Note. Cells were incubated with various extracellular concentrations of [3H]paclitaxel for 8 h, which was sufficient for intracellular drug
concentrations to reach a steady state (22). The intracellular drug concentrations were determined and expressed in molar term. Note the
different units for the intracellular and extracellular concentrations. Mean ± SD (n 4 3). Statistical analysis of the differences was performed
using the paired Student’s t test. NA: not available. NS: not significantly different.
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Overall Effects of Paclitaxel

Figure 2 shows the decrease in cell number by 96 h pa-
clitaxel treatment, measured using the SRB assay. The extra-
cellular drug concentration needed to produce a 50% reduc-
tion (IC50) was 3.1 ± 0.7 nM (mean ± SD, n 4 3) for MCF7
cells and 122 ± 34 nM for BC19 cells. The ratio of these IC50

values is 0.026.

Paclitaxel-Induced G2/M Block

Figure 3A shows the fraction of cells in the G2/M phase,
as a function of extracellular drug concentrations. In the un-
treated controls, this fraction remained constant with time at
16%. In both MCF7 and BC19 cells, paclitaxel treatment pro-
duced a concentration-dependent increase in the cell fraction
in the G2/M phase. MCF7 cells were more sensitive than
BC19 cells to the G2/M block; the extracellular drug concen-
tration needed to result in a 50% G2/M cell fraction was 9.1
± 1.9 nM in MCF7 cells and 387 ± 93 nM in BC19 cells. The
ratio of these concentrations is 0.023, which is comparable to
the ratio of the IC50 values for the overall drug effect.

To determine whether the lower sensitivity of BC19 cells
to the G2/M block effect of paclitaxel, compared to MCF7
cells, is due to the differential intracellular drug accumulation
in the two cell lines and/or to other factors, we converted the
extracellular concentrations displayed in Fig. 3A to their cor-
responding intracellular concentrations using the data in
Table I. Figure 3B shows the G2/M block effect of paclitaxel
as a function of the intracellular drug concentrations. The
intracellular drug concentration needed to result in a 50%
G2/M cell block was 29 ± 3 mM in MCF7 cells and 102 ± 14
mM in BC19 cells. These results demonstrate that the lower
sensitivity of BC19 cells to the G2/M block effect of pacli-
taxel, compared to MCF7 cells, is partly due to the lower drug
accumulation and partly due to the lower drug sensitivity in
BC19 cells.

Paclitaxel-Induced Apoptosis

Figures 4A and 4B show the drug-induced apoptosis as a
function of extracellular paclitaxel concentration, whereas
Fig. 4C shows the apoptosis as a function of intracellular pa-
clitaxel concentration. Because of the extensive paclitaxel ac-

cumulation in cells with an intracellular-to-extracellular con-
centration ratio of up to 1,000:1 (22), the intracellular con-
centrations such as those shown in Fig. 4C are much higher
than the extracellular concentrations.

Figure 4A shows the apoptotic indices as measured by
the Annexin V-labeling technique and Fig. 4B shows the
ELISA results of DNA-histone complex released into cyto-
plasm. In the absence of paclitaxel, both MCF7 and BC19
cells showed ∼10% Annexin V-labeled cells, indicating no
difference in the baseline apoptosis. Both measurements in-
dicate qualitatively and quantitatively different concentra-
tion-apoptosis relationships in the two cell lines. In MCF7
cells, the apoptotic index and the level of cytoplasmic DNA-
histone complex increased with paclitaxel concentration, but
reached plateau values at 100 nM drug concentration with no
significant increases even when the drug concentration was
increased to 5,000 nM. In BC19 cells, these values continued
to increase with drug concentration without reaching a pla-
teau. The maximum apoptotic index in BC19 cells was twice
that in MCF7 cells (i.e. 70% vs 35%). At equal extracellular

Fig. 2. Overall drug effect in MCF7 and BC19 cells induced by equal
extracellular paclitaxel concentrations. MCF7 (d) and BC19 (s)
cells. Lines are computer-fitted lines.

Fig. 4. Apoptotic effect of paclitaxel in MCF7 and BC19 cells. Top
panels: Cells were treated with equal extracellular paclitaxel concen-
trations. The extent of drug-induced apoptosis in MCF7 (d) and
BC19 (s) cells was measured by two methods. (A) The fraction of
cells that externalized phosphatidylserine and stained with Annexin
V was measured using the ApoAlert Annexin V assay. (B) The level
of cytoplasmic DNA-histone complex was measured using ELISA.
Bottom panel: MCF7 cells were treated with 10, 100, 1,000, and 5,000
nM extracellular paclitaxel concentrations, and BC19 cells with 70,
350, 1,300, and 5,077 nM. These extracellular concentrations yielded
approximately equal intracellular paclitaxel concentrations (see
Table I). Note the different units for extra- and intracellular concen-
trations. The level of cytoplasmic DNA-histone complex was mea-
sured using ELISA. Mean ± SD (n 4 3). Some SD are smaller than
the symbols.

Fig. 3. G2/M block effect of paclitaxel in MCF7 and BC19 cells. (A)
Data obtained at equal extracellular drug concentrations. (B) Data
expressed as a function of intracellular concentrations corresponding
to the extracellular concentrations displayed in Panel A. Symbols:
mean ± SD of 2 to 4 experiments, duplicate samples for each experi-
ment. Some SD are smaller than the symbols. Lines are computer-
fitted lines. MCF7 (d) and BC19 (s) cells. Note the different units
for extra- and intracellular concentrations.
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concentrations, the apoptosis in MCF7 cells was initially
higher at the lower concentration (e.g., 10 nM), but became
equal or lower than the apoptosis in BC19 cells at higher
concentrations (e.g., 100 nM for the apoptotic index measure-
ment). A comparison of these data with the intracellular drug
accumulation data in Table I suggests that the lower apoptosis
in BC19 cells at extracellular drug concentrations of #100 nM
was due to the 80 to 130% lower drug accumulation at these
concentrations. Conversely, the higher apoptosis in BC19
cells at extracellular drug concentrations of $100 nM where
the drug accumulation was comparable in BC19 and MCF7
cells suggests a higher sensitivity of BC19 cells to the apop-
totic effect of paclitaxel. The latter was confirmed by the
results in Fig. 4C, which shows the level of cytoplasmic DNA-
histone complex as a function of intracellular drug concentra-
tion. In both MCF7 and BC19 cells, the drug-induced apop-
tosis became significantly elevated from the values of the un-
treated controls when intracellular drug concentrations were
$89 mM. As the intracellular concentration increased, the
apoptosis in MCF7 cells approached an asymptotic value
whereas the apoptosis in BC19 cells continued to increase,
similar to the observations in Figures 4A and 4B. The results
in Fig. 4C further showed that the apoptosis in BC19 cells was
consistently higher (between 30 to 100%) than that in MCF7
cells at all equal intracellular drug concentrations between 89
to 750 mM.

Collectively, the results in Figures 4A, 4B, 4C and Table
I indicate that the concentration-dependent differences in the
apoptosis of MCF7 and BC19 was partly due to the concen-
tration-dependent intracellular drug accumulation in the two
cell lines, and partly due to a higher sensitivity of BC19 cells
to the apoptotic effect of paclitaxel.

DISCUSSION

The major findings of the present study are as follows.
MCF7 cells are more sensitive than their mdr1-transfected
variant BC19 cells to the G2/M block effect of paclitaxel, in
part due to a higher intracellular drug accumulation in MCF7
cells and in part due to a greater sensitivity of the MCF7 cells.
The pharmacodynamics of paclitaxel-induced apoptosis in
MCF7 cells are qualitatively and quantitatively different from
the pharmacodynamics in BC19 cells. The concentration-
apoptosis relationship in MCF7 cells suggests a response that
is nonlinear and becomes saturated at 100 nM extracellular
drug concentration, whereas the relationship in BC19 cells
suggests a response that is not saturated at extracellular drug
concentration as high as 5,000 nM. The significantly higher
apoptosis in BCl9 cells compared to MCF7 cells, at equal
intracellular drug concentrations, indicate a positive correla-
tion between Pgp expression and tumor cell sensitivity to ap-
optosis. Collectively, these findings confirm our observation
in patient tumors that enhanced Pgp expression is associated
with a greater sensitivity to the apoptotic effect by paclitaxel
and a lower sensitivity to its G2/M block effect (15), and
further indicate that these Pgp effects are exerted via mecha-
nisms that are unrelated to the drug efflux effect of Pgp. It is
noted that the higher apoptosis in the BC19 cells was attained
at 100 nM extracellular drug concentration, which is a clini-
cally achievable concentration (26).

Our finding of a higher sensitivity to paclitaxel-induced
apoptosis in Pgp-expressing cells compared to Pgp-negative

cells appears to disagree with the results of multiple studies
which have shown an association between Pgp expression and
resistance to several paclitaxel effects including reduction in
cell number, reduction in colony-forming units, and apoptosis
(27–32). This apparent disagreement can be explained by the
different experimental models/conditions and the different ef-
fect endpoints used in our study and previous studies, as fol-
lows. First, the present study used cells that are stably trans-
fected with mdr1 where Pgp expression is the only known
difference, whereas some of the previous studies used cells
where the resistance is induced by exposing cells to increasing
concentrations of Pgp-inducing drugs (26–31). Resistant cells
selected by this latter method may have other biologic
changes, in addition to Pgp induction, that can affect their
sensitivity to paclitaxel-induced apoptosis. For example, the
paclitaxel-resistant HL-60/TAX 1000 cells contain 1.5- to 2.5-
fold higher Bcl-2 level and 2.5 fold higher Bcl-XL level com-
pared to the parent HL-60 cells (29), and the paclitaxel-
resistant J774.2 cells have altered expression of class II-b-
tubulin isotype (30). Second, the present study specifically
compared apoptosis whereas some of the previous studies
compared the overall (e.g. reduction in cell number or colony
forming units) or antiproliferative drug effects in Pgp-
negative and Pgp-expressing cells (26–31). In general, the
overall drug effect measured in exponentially growing mono-
layer cultures of human tumor cells, because of the high cell
proliferation rate, is more reflective of the antiproliferative
effect than of the apoptotic effect. Support for this argument
is the similar concentration-response relationships between
the overall drug effect and the G2/M block effect in MCF7
and BC19 cells (Figs. 2 and 3). In fact, if the overall drug
effect data instead of the concentration-apoptosis relationship
were used, one would arrive at the same conclusion as the
previous studies, i.e., Pgp-expressing cells are more resistant
than the Pgp-negative cells to paclitaxel. Specific and separate
measurements of drug-induced G2/M block and apoptosis en-
abled the dissection of the differences in the pharmacody-
namics of the two effects, and led us to conclude that Pgp-
expressing cells are more sensitive to the apoptotic effect of
paclitaxel. Third, the cell lines used in the various studies may
be utilizing different apoptosis pathways. For example, the
HL60 cells used in earlier studies were leukemia cells which
are known to undergo primed apoptosis, where the present
study used epithelial tumor cells which are known to undergo
unprimed apoptosis (reviewed in 21). Fourth, as demon-
strated in the present study, there is a complex relationship
between extracellular drug concentration, intracellular drug
accumulation, Pgp expression, and apoptosis. For example, at
lower extracellular concentrations (i.e., #100 nM) where the
Pgp-mediated drug efflux plays an important role in the drug
efflux, the significantly lower intracellular drug concentra-
tions in BC19 cells, as compared to MCF7 cells, resulted in an
apparently lower apoptosis in BC19 cells. We observed a
higher apoptosis in the BC19 cells only when the Pgp-
mediated efflux becomes insignificant at higher extracellular
concentrations (i.e., $100 nM) or when the differential drug
accumulation is compensated by using comparable intracel-
lular concentrations. Hence, the relationship between en-
hanced Pgp expression and increased sensitivity to apoptosis
could only be detected/confirmed by experiments such as
those in the present study specifically designed to address this
issue.
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In conclusion, mdr1 transfection resulted in a lower tu-
mor cell sensitivity to the G2/M block effect of paclitaxel but
a higher sensitivity to its apoptotic effect. These effects of
mdr1 transfection were independent of the drug efflux medi-
ated by p-glycoprotein. Studies to investigate the underlying
mechanisms, including comparison of the expression and lev-
els of apoptotic and anti-apoptotic genes and proteins, e.g.,
Bcl-2, Bax, and p53 (33), and comparison of drug distribution
in subcellular organelles are ongoing in our laboratory.
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