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Abstract—A multidrug-resistant Chinese hamster cell line, .Z-8, was subcultured in increasing levels
of doxorubicin (DOX) until capable of growth in 100 ug/mL DOX. This new derivative, designated
LZ-100, is the most DOX-resistant line in the LZ series, based on a comparison of K;™! values from
cell survival studies. This increased level of drug resistance in LZ-100 cells did not result from (i) higher
levels of P-glycoprotein (P-gp) in the plasma membrane compared with LZ-8 cells, since this protein
constitutes approximately 20% of the total plasma membrane protein in both cell lines, or (ii) more
efficient drug pumping by the same amount of P-gp, since efflux of rhodamine 123 and DOX was
comparable in the two cell lines. However, an altered drug distribution was observed in LZ-100 cells
compared with wild-type V79 cells; in LZ-100 cells DOX was largely excluded from the nucleus and
was sequestered in vesicles in the cytoplasm. The number of vesicles per cell seen after DOX exposure
corresponded with the level of drug resistance achieved by the LZ cell lines studied. DOX concentration—
response experiments revealed that vesicle formation exhibited a biphasic relationship, with an initial
rapid increase followed by a plateau where no further increase was observed. Time—course studies in
LZ-100 cells revealed that the maximum number of DOX-containing vesicles per cell occurred 3—4 hr
following initiation of DOX treatment. Radiation exposure (10 Gy) immediately preceding DOX
treatment decreased the number of vesicles formed in LZ-100 cells by more than one-half and altered
the subcellular distribution of DOX from an almost exclusively cytoplasmic to a homogeneous nuclear/
cytoplasmic distribution. This redistribution was not a result of radiation inhibition of P-gp efflux. The
inhibitory effect of radiation on vesicle formation increased with increasing radiation dose up to 10 Gy.
Drug-containing vesicles were also observed in LZ-100 cells following exposure to mitoxantrone or
daunorubicin (to which LZ-100 cells are also resistant), but fewer vesicles were observed than with
DOX. These studies demonstrate that the drug sequestration phenomenon (i) occurs in cells exhibiting
widely different levels of drug resistance, (ii) correlates with the level of drug resistance in LZ cell
lines, (iii) occurs rapidly following exposure to DOX, mitoxantrone, or daunorubicin, and (iv) can be
inhibited by irradiation. Further study of the drug sequestration phenomenon in LZ-100 cells, and its
less DOX-resistant precursors LZ-3 and LZ-8, should provide additional insight into this mechanism

and its contribution to overall drug resistance.
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The multidrug-resistant phenotype can be produced
by one or more mechanisms acting singly or in
concert [1,2]. A frequently reported mechanism
is P-gpi-mediated enhanced drug efflux [3-5].
Enhanced drug efflux alone can produce the drug
resistance phenotype based on gene transfection
studies [6]. However, P-gp-mediated enhanced drug
efflux has also been observed in cells exhibiting one
or more other, known or putative drug resistance
mechanisms, i.e. changes in the activity/levels of
detoxification enzymes [7-9], alterations in the
quantity/function of topoisomerase II [10], enhanced
DNA repair processes [11, 12], altered intracellular
drug distribution [13,14], and the com-
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partmentalization of drug in vesicles away from
targetsites (forreview see Ref. 12). The simultaneous
existence of multiple mechanisms in the same
cell, designated a “complex” multidrug-resistant
phenotype [2], is thought to be a major contributing
factor to failure in the treatment of human tumors
[1,2]. Yet, currently, the relative importance of
individual mechanisms to overall drug resistance,
the temporal sequence for development of these
multiple mechanisms, and even some of the
mechanisms themselves are not well characterized.
To investigate such questions, our laboratory
selected a series of increasingly DOX-resistant cell
lines from wild-type V79 Chinese hamster lung cells.
These cell lines exhibit the multidrug-resistant
phenotype with cross-resistance to vincristine,
actinomycin-D, and colcemid as well as P-gp-
dependent enhanced drug efflux [15-17]. Contingent
on the level of drug resistance attained, the cell lines
also exhibit one or more additional resistance
mechanisms [18]. To identify other resistance
mechanisms, we selected a cell line, designated LZ-
100, that is able to grow in 100 ug/mL DOX
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(0.18 mM). These cells were studied to determine
the mechanism(s) enabling their growth and
survival in the presence of such an elevated drug
concentration.

MATERIALS AND METHODS

Cells. V79, 77A, LZ-3, LZ-8, and LZ-24 celis
were grown in F10 medium plus 10% FBS with or
without DOX (as appropriate) as previously
described [19]. The LZ-100 cell line was selected
from LZ-24 by growth in F10 medium containing
10% FBS and 50 ug/mL DOX for 7 days, followed
by continual growth in 100 ug/mL for more than 1
year. For all LZ cell lines, DOX was removed from
the growth medium 24hr before conducting
experiments, unless otherwise specified.

Cell survival. The survival response of the various
cell lines was determined by colony-forming ability
as described [18]. Exponentially growing cells were
exposed to various concentrations of DOX for 1 hr
(pretreatment before irradiation) or 3hr (cell
survival) at 37°, rinsed with Puck’s Saline A, and
subcultured in F10 medium at numbers that
would yield 100-200 colonies/treatment. For some
experiments, cells were pretreated with DOX, rinsed
twice, and exposed to different doses of X-rays using
a Picker X-ray machine (50kVp, 20 mA) before
subculturing to determine colony-forming ability, as
previously detailed [19]. All experiments were
performed a minimum of three times.

Quantitation of P-gp in cell membrane. A Beckman
DU-8 Spectrophotometer (Beckman Instruments
Inc., Fullerton, CA) was used to quantitate P-gp
via gel scanning of proteins separated using
polyacrylamide gel electrophoresis and western
blotting as described in detail [16]. The amount of
protein was quantitated using the Lowry assay. All
experiments were performed a minimum of four
times.

Visualization of intracellular DOX. The cyto-
fluorescence of DOX was analyzed using a Zeiss
Axiophot microscope with fluorescence attachment
according to the methods described by Chauffert et
al. [20]. The number of vesicles were quantified by
counting the distinctly boundaried, round, red
fluorescent bodies present in each cell. No diffuse
areas of fluorescence were scored. Since vesicles
were present throughout the cytoplasm of the cells,
they were enumerated at several different focal
planes in an orderly manner (top to bottom of cell)
and the numbers summed to determine the total
number per cell. Fifty to one hundred cells were
evaluated for each experimental treatment, and the
mean number of vesicles + SD was calculated. Each
cell was counted/recounted until a consistent number
of vesicles was obtained at least twice. Each
experiment was performed a minimum of two to
three times.

Measurement of drug efflux. The unidirectional
efflux of R123 was measured in semiconfluent
monolayers of V79, LZ-8, and LZ-100 cells plated
the day before on 130-160 um-thick coverslips. After
cells reached steady state (exposure 15 uM R123,
60~90 min, 37°), coverslips were placed in a 200-uL
volume chamber on the stage of an inverted

microscope (Nikon Diaphot, Tokyo, Japan; oil
immersion objective, NA = 1.3, 40x). At time zero,
superfusion with a R123-free Ringer’s solution was
started (20 mL/min), and the decay of intracellular
fluorescence was measured for 50-200 cells. The
results for LZ-100 cells were normalized to the
fluorescence measured for 100 V79 cells loaded to
steady-state levels with R123. The excitation and
emission wavelengths used were 495 and 535 nm,
respectively (535DF25, Omega Optical Inc., Brattle-
boro, VT) with data acquisition at 1 Hz. Fluorescence
measurements were carried out with a Deltascan
System (Photon Technology International Inc.,
South Brunswick, NJ) as previously described [21].
Experiments were performed a minimum of seven
times.

Alternatively, the efflux of DOX was measured
using fluorescent spectrophotometry with or without
pretreatment with 10 Gy radiation as previously
described [16]. For these experiments, LZ-100 cells
were exposed to 150ug/mL DOX for 1hr.
Experiments were performed at least twice.

Dot blot analysis. DNA isolation, preparation of
dot blots using Hybond N (Amersham) and a
Schleicher & Schuell Minifold II manifold, and
hybridization with the pCHP1 probe for hamster
pgp 1 gene were performed according to our
previously published protocol [22]. Poly A RNA
was isolated using an Invitrogen Fast Track kit
according to the manufacturer’s specifications. A
range of concentrations, from 0 to 5 ug of DNA/
RNA, was spotted on the dot blot for analysis to
ensure accuracy; however, data for only 3 ug of
DNA and 2 ug mRNA are shown in the table. Dot
blot experiments were performed many times.

Laser scanning confocal microscopy. V79 and LZ-
100 cells exposed to DOX were visualized using
a Noran Instruments laser scanning confocal
microscope equipped for visualizing DOX. Cells
grown on sterile coverslips were exposed to DOX
for 2-4 hr (V79 = 10 yg/mL, LZ-100 = 100 ug/mL),
placed on the microscope stage in the presence of
DOX-containing medium, and then visualized using
a 40, 60 or 100X objective. Black and white
photographs were taken directly from the images
displayed on the video screen.

RESULTS

The level of resistance of the LZ cell lines to DOX
was determined by treating exponentially growing
cells with various concentrations of DOX for 3 hr
(instead of 1-hr treatments as in our previous studies)
due to the very high level of resistance exhibited by
the LZ-100 cells. The results (Fig. 1) show that as
selection in increasingly higher concentrations of
DOX progressed, increased cell survival was
observed following DOX treatment. This was
revealed by comparing the reciprocal of the slope of
the initial portion of the survival curve (K;™') for
the cell lines: LZ-3 = 64 ug/mL, LZ-8 = 786, LZ-
24 =978, LZ-50 = 927 (data not shown in graph)
and LZ-100 = 1480.

To determine if the increased drug resistance
observed could result from increased drug efflux due
to further increases in the levels of P-gp in the
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Fig. 1. Survival response of four cell lines in the LZ series
to 3-hr DOX treatment. The K, values were 64 ug/mL
for LZ-3, 786 for L.Z-8, 978 for LZ-24, and 1480 for LZ-
100. Values are means = SD for three independent
experiments where all points represent data from triplicate
dishes.
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Fig. 2. Levels of P-gp in the LZ cell lines expressed as a
percentage of total membrane protein quantitated using
gel scanning of Coomassie Blue stained polyacrylamide
gels. The horizontal axis represents the concentration of
DOX in which LZ cell lines were subcultured continuously.

plasma cell membrane, P-gp levels were determined
using gel scanning of Coomassie Blue stained
polyacrylamide gels [16]. The results in Fig. 2 show
that P-gp levels correspondingly increased with the
level of DOX in which the cells were maintained in
culture in the early selection stages (77A and LZ-
3). P-gp levels reached approximately 20% of the
total membrane protein in LZ-8 cells and remained
close to this level in LZ-24, 1.Z-50, and LZ-100 cells.
Since P-gp represents the product of the pgp 1 gene
in hamster lines, measurements of gene amplification

Table 1. Dot blot analysis of isolated DNA and mRNA

DNA mRNA
Cell lines (B ug) (2 ug)
V79 4438 2513
LZ-3 116K 97K
LZ-8 131K 186K
LZ-24 159K 211K
LZ-100 103K 161K

Dot blot was hybridized with the pCHP1 probe for
hamster pgp 1 gene. Numbers represent total counts
accumulatedin 10 min, assayed using a Packard Instruments
Matrix 96 direct beta counter.

and mRNA expression of the pgp 1 gene using dot
blot hybridization were performed. Analysis of 3 ug
of DNA isolated from each cell line revealed a smail
increase in gene amplification in LZ-24 and a small
decrease in LZ-100 (see Table 1, column 2) compared
with LZ-8, which contained approximately the same
level of P-gp in the plasma cell membrane. Analysis
of 2 ug of mRNA from each cell line revealed a
somewhat similar pattern (see Table 1, column 3)
for mRNA expression of the pgp 1 gene. Thus, LZ-
100 appears to have a slightly decreased level of
gene amplification and less mRNA expression
compared with LZ-24 and LZ-8. This suggests the
possibility that P-gp in LZ-100 may have increased
stability. Overall, these results suggest that dif-
ferences in levels of P-gp in the plasma membrane
are not responsible for the enhanced survival
exhibited by LZ-100 cells compared with LZ-8 and
1L.Z-24. Since LZ-8 and LZ-100 cells contain the
same amount of P-gp, the differential survival
observed may result from: (i) the same number of
P-gp molecules eliminating (pumping) drug faster in
LZ-100 than in LZ-8 cells; (ii) a larger number of
P-gp molecules being active in LZ-100 than in LZ-
8 cells; or (iii) the expression of other drug-resistant
mechanisms.

To test if the same number of P-gp molecules
were pumping more drug in LZ-100 than in LZ-8
cells, the efflux of DOX was determined for LZ-
100, LZ-8, and wild-type V79 cells using R123. R123
was used in these studies since DOX-induced
multidrug-resistant cells have been shown to be
cross-resistant to R123, and increased efflux of this
compound has been shown to correlate with increased
resistance and mdr 1 expression [23,24]. Upon
starting the R123-free superfusion, the rate of decay
in cell fluorescence was faster in LZ-8 and LZ-100
cells than in V79 cells, but there was no difference
between the former. From the single exponential fit
of the data, a rate constant was obtained and a half-
time calculated as described [21]. The steady-state
R123 fluorescence was calculated from extrapolation
to the fluorescence at time zero. The initial 10-15 sec
of the fluorescence decay curves denote mixing of
extra- and intracellular R123 fluorescence and were
not used. Figure 3 illustrates the half-times of the
decrease in R123 fluorescence and the steady-state
intracellular R123 fluorescence. R123 fluorescence
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Fig. 3. Steady-state R123 intracellular fluorescence and half-times of unidirectional R123 efflux in V79,
LZ-8, and LZ-100 cells. Values are means + SEM. Asterisks denote a significant difference (P < 0.05)
from V79 cell values.

was greater in V79 cells than in LZ cells; however,
there was no difference between LZ-8 and LZ-100
cells. Additional measurements were made using
fluorescent spectrophotometry to quantify the efflux
of DOX [(16]. The T,s, for LZ-8 and LZ-100 cells
treated with 15 and 150 ug/mL for 1 hr, respectively,
was 1min, whereas that of wild-type V79 cells
(exposed to 3 ug/mL) was 45 min. Based on both
types of measurements, the P-gp present in both the
LZ-8 and L.Z-100 cell lines pumps drug at the same
rate, suggesting that other mechanisms of resistance
exist in LZ-100 to account for the enhanced survival
after DOX treatment.

In previous studies, we observed that L.Z-8 and
L.Z-24 cells exhibit an altered intracellular drug
distribution compared with wild-type V79 cells by
analyzing with fluorescent microscopy cells grown
on coverslips in the presence of DOX [19]. DOX
primarily localized to the cytoplasm, with little or
no drug entering the nucleus. In addition, drug-
containing vesicles were observed in the cytoplasm.
To ascertain if a similar phenomenon was present
in LZ-100, the distribution of DOX in cells grown
on coverslips in medium containing 100 ug/mL DOX
was determined. Figure 4A shows that the nucleus
of LZ-100 cells (grown in the presence of their
nontoxic maintenance concentration of 100 ug/mL
DOX) contained little or no fluorescence compared
with the cytoplasm. In addition, these cells exhibited
a number of red, fluorescent vesicles that contained
DOX based on specific fluorescence wavelength
excitation/emission (485nm excitation: emission
515-585) [20]. Figure 4B is a black and white
photograph of identically treated LZ-100 cells
obtained using laser scanning confocal microscopy.
In this illustration, the nucleus appears dark
(indicative of a lack of DOX) while the vesicles
appear as bright white (instead of red) circular
structures in the cytoplasm. This should be contrasted
with wild-type V79 cells in Fig. 4C (also see color,
fluorescent microscopy photograph in Ref. 17) where
the drug is concentrated in the nucleus (indicated

by white color) and few DOX-containing vesicles
are observed in the cytoplasm. Analysis of 50-100
cells of the different LZ cell lines grown in their
respective maintenance concentrations of DOX (see
Table 2) revealed that the mean number of vesicles/
cell correlated with the level of resistance exhibited
by the cell line, i.e. the most DOX-resistant cell
line, LZ-100 (maintained in 100 ug/mL DOX)
contained the highest mean number of vesicles/cell,
while the least resistant cell line, LZ-3 (grown in
3 ug/mL), exhibited the fewest vesicles per cell with
LZ-24 (24 pyg/mL DOX) and LZ-8 (8 ug/mL DOX)
exhibiting intermediate levels of resistance and a
mean number of vesicles/cell. To determine if the
difference in mean number of vesicles observed in
these cell lines was a function of the concentration
of DOX to which the cells were exposed, all LZ cell
lines were treated with 100 yg/mL DOX for 2 hr.
The results, shown in Fig. 5, reveal that under these
conditions, a similar trend was observed, i.e. the
greatest number of vesicles was seen in LZ-100
(94 + 12) and the fewest in LZ-3 (39.1 = 8). To
determine if the LZ cell lines had an infinite or
limited capacity to form vesicles, the relationship
between drug concentration and number of vesicles
observed was determined for each cell line. As
shown in Fig. 6, each cell line exhibited a biphasic
relationship in which there was an initial rapid
increase followed by a plateau where no further
increase was observed. To determine the time after
exposure when LZ-100 cells would contain the
maximum number of vesicles/cell, LZ-100 cells were
exposed to 100 ug/mL DOX, and the number of
vesicles was determined at various time intervals. In
Fig. 7, it can be seen that the maximum number of
vesicles was observed at approximately 3 hr. Overall,
these results show that: the formation of vesicles
represents a rapid response in LZ cell lines (reaching
a maximum in about 3-4 hr), LZ-100 has a greater
ability to form DOX-containing vesicles than the
earlier selection stages of LZ, the number of vesicles
formed corresponds with the overall level of DOX
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Fig. 4. (A) LZ-100 cell grown in 100 pg/mL DOX and visualized using flucrescent microscopy. Note
diminished fluorescence in the nucleus and the presence of red fluorescent vesicles in the cytoplasm.
Not all vesicles present are apparent due to their distribution throughout the cytoplasm and location
in different focal planes. (B) LZ-100 cells exposed to 100 ug/mL DOX for 2 hr and visualized with
confocal microscopy. In the black and white photograph, DOX appears white and is present in vesicles
in the cytoplasm of the cells. (C) Wild-type V79 cells exposed to 1 ug/mL DOX for 2 hr and visualized
with confocal microscopy. DOX is evident in nucleus of the cells (white color). Both fluorescence and
bright field optics were nsed simultaneously in this exposure to enable plasma membrane of the cells
to be visualized. (D} LZ-100 cells pretreated with 10 Gy, then exposed to DOX for 2 hr and visualized
with fluorescent microscopy. Note the presence of drug (red color) in the nucleus, indicated by the
arrow. Fewer vesicles are seen in the cytoplasm, as in unirradiated, DOX-treated LZ-100 cells.

resistance exhibited by the cell, and either LZ cell
lines have a limited ability to form vesicles or an
equilibrium is eventually reached between new
vesicle formation and extrusion of vesicles from the
cell.

Since our observations suggested that the vesicles
in LZ cell lines consisted of DOX contained within
a membrane, and one effect of radiation exposure

is the production of membrane damage [25-27], we
tested if radiation exposure could alter (increase or
decrease) vesicle formation. Cells treated with
100 ug/mL DOX for 2 hr, both with and without
pretreatment with X-rays, were viewed using a
fluorescent microscope, and the number of vesicles
was quantified. LZ-100 cells treated with 10 Gy at
the time of DOX addition (100 gg/mL), incubated
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Table 2. Mean number of vesicles per cell in LZ cell lines

DOX Mean No. of
Cell line (ug/mL) vesicles/cell
LZ-100 100 103 *+ 17
LZ-24 24 55+23
LZ-8 8 297
LZ-3 3 16 = 4

Analysis was performed in LZ cell lines grown
continuously in their maintenance concentrations of DOX:
LZ3=3ug/mL, LZ-8=8pug/mL, LZ-24=24pug/mL,
and LZ-100 = 100 ug/mL.
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Fig. 5. Effect of exposure to 100 ug/mL DOX for 2 hr on
LZ cell lines exhibiting different levels of resistance. The
mean number of vesicles per cell was quantified for 50-100
cells, using fluorescent microscopy. Standard deviations

are shown.

50 | <
ot l ;
sor i LZ-3 ]
20# -
10 | -
0 , 1 ;

0 50 100 150 200

Mean No. of Vesicles/Cell

0 200 400

DOX (ug/mil)

800900 1000

Fig. 6. DOX concentration—response study of LZ cell lines
exhibiting different levels of resistance. Cells were exposed
to the indicated drug concentrations for 2 hr, and then the
mean number of vesicles/cell was quantified. Each point
depicts the mean = SD for =50 cells. This graph is
representative of the results of one experiment and was
consistent with two additional repetitions.
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Fig. 7. Time—course study of DOX-induced vesicles in LZ-
100 cells. Cells were exposed to 100 ug/mL DOX, and the
number of vesicles was determined at the indicated times.
Each point depicts the mean = SD for =50 cells. This
graph depicts the results of one experiment and was
consistent with two additional repetitions.
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in DOX for 2 hr and then evaluated using fluorescent
microscopy exhibited less than half the number of
vesicles per cell (27 =7) than the LZ-100 celis
treated with DOX alone (71 % 13). Control LZ-100
cells that received no drug treatment contained a
mean number of 20 + 6 vesicles per cell, as assayed
using phase contrast microscopy (since these vesicles
exhibit no fluorescence due to the absence of drug).
In addition to decreased vesicle formation, the X-
irradiated cells also exhibited an altered drug
distribution compared with cells exposed to DOX
alone (see Fig. 4D). The DOX-treated cells displayed
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Fig. 9. Efflux of DOX determined using fluorescent

spectrometry at 0, 2, 5, 10, and 20 min in 10 Gy irradiated

or unirradiated control LZ-100 cells pre-exposed to 150 ug/
mL DOX for 1 hr.

an intracellular distribution like that previously
described for panels A and B of Fig. 4. In contrast,
the X-ray/DOX-treated cells contained fluorescence
in both the nucleus and cytoplasm and had taken on
an appearance more like that of wild-type V79 cells
(compare panels C and D of Fig. 4). Thus, X-ray
treatment at the time of DOX addition can decrease
vesicle formation dramatically and also alter the
drug distribution between nucleus and cytoplasm in
LZ-100 cells.

If the inhibitory effect of radiation is a result of a
biological response, it might be expected to exhibit
a dose-response. To test this, LZ-100 cells were
exposed to 0, 2, 5, 7.5, 10, or 20 Gy at the time of
DOX (100 ug/mL) addition. Following a 2-hr
incubation, the number of vesicles per cell was
determined. The results, shown in Fig. 8, reveal that
an increasing amount of inhibition of vesicles
observed was seen with increasing radiation dose up
to 10 Gy. From 10 to 20 Gy the inhibitory effect
diminished.

To determine if the observed effects of radiation
on intracellular DOX distribution and number of
vesicles observed could be a result of inhibition of
P-gp function in the cell membrane, DOX efflux was
measured. Spectrophotometric analysis of DOX
contained per cell was performed at 0, 2, 5, 10 and
20 min following a 1 hr exposure to 150 ug/mL DOX
with/without pretreatment with 10 Gy of X-rays.
The results in Fig. 9 show no difference between
samples with or without irradiation. This suggests
that irradiation does not affect P-gp efflux (within
the limits of the detection method used) and that
the effects observed are likely to be a consequence
of damage to other cellular targets.

To test if vesicle formation might contribute to
the enhanced DOX survival exhibited by LZ-100,
cells were pretreated with either 5 or 10 Gy of X-
rays to inhibit vesicle formation and then exposed
to various concentrations of DOX for either 1 or
3hr. As can be seen in Fig. 10, compared with cells
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Fig. 10. Survival response of L.Z-100 cells exposed to DOX
for 1 hr (open circles) or pretreated with S Gy of X-rays
before DOX exposure (closed circles). Cells exposed to
DOX for 3hr are represented by open triangles, while
those pretreated with 10 Gy of X-rays are represented by
closed triangles. Lines represent linear regression analysis
of the points, which represent triplicate points from three
independent experiments. The standard deviation is shown
unless it was smaller than the symbol size.

receiving DOX treatment alone for 1hr with a
K71 =12693 (open circles), those receiving X-ray
pretreatment exhibited decreased survival with a
K;"1=1666 (closed circles). A comparison of the
survival fraction of cells treated with radiation alone
and those receiving radiation and DOX treatment
revealed an overall trend of decreasing survival with
increasing concentrations of DOX. This effect
became more evident in cells pretreated with 10 Gy
of X-ray and exposed to the same concentrations of
DOX for 3 hr [Fig. 10, compare samples receiving
DOX only (open triangles) with a K;™! = 1870 with
those receiving X-ray pretreatment before DOX
(filled triangles) with a K;~! = 517]. These results
suggest the possibility that sequestration of DOX in
vesicles may be important for cell survival in LZ-
100 cells.

Drug sequestration in vesicles has been reported
previously in resistant cells following treatment with
DOX, MITO [28], or DAUN. To determine if the
drug sequestration phenomenon in LZ-100 is
restricted to DOX or is present after treatment with
other drugs, LZ-100 cells were exposed to 100
pg/mL MITO or DAUN and were examined for the
presence of vesicles following a 2-hr treatment. Blue-
colored vesicles, similar to those previously reported
and characteristic of MITO [28], were observed in
bright field or phase contrast viewing of LZ-100
cells, but fewer vesicles (average of 34.0 = 8) were
observed than with DOX (see Fig. 11). Red
fluorescent vesicles, like those seen following DOX
treatment, were present in cells treated with 100 pg/
mL DAUN (data not shown), averaging 36.6 * 6
vesicles per cell. Thus, drug-containing vesicles are
seen following treatment with DAUN, MITO, or
DOX, but significantly more vesicles were observed
following DOX treatment.
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Fig. 11. LZ-100 cell treated with 100 ug/mL MITO for 2 hr

and visualized with phase contrast microscopy. Arrows

point to blue colored vesicles visible in this plane of focus.

Additional vesicles are present throughout the cell in other
focal planes.

DISCUSSION

These studies show that the increased drug
resistance exhibited by LZ-100 cells compared with
that by LZ-8 cells, is probably not related to levels
of P-gp in the plasma membrane but may be related
to the altered drug distribution of LZ-100 cells.
Compared with wild-type V79 cells, LZ-100 cells
exhibited decreased levels of DOX in the nucleus
versus the cytoplasm, with DOX present in numerous
cytoplasmic vesicles. The ability to form DOX-
containing vesicles corresponded with the level of
drug resistance exhibited by LZ cell lines but not
with the level of P-gp in the plasma cell membrane.
Exposure to radiation immediately prior to DOX
treatment in LZ-100 cells dramatically decreased the
number of vesicles observed (>>}) and decreased cell
survival without a detectable effect on P-gp-mediated
drug effiux. Two other drugs, MITO and DAUN,
were also observed to localize to cytoplasmic vesicles
following exposure in LZ-100 cells.

Our previous studies have suggested that the high
level of DOX resistance exhibited by LZ cell lines
is a consequence of more than one mechanism [16-
18]. As higher levels of resistance were achieved,
the relative contribution of individual mechanisms
toward 'the overall drug resistance appeared to
change. Undoubtedly, enhanced drug efflux [16]
resulting from the high levels of P-gp in the plasma
membrane plays a significant role in all LZ cell lines.
However, other resistance mechanisms must assume
increased importance in LZ-100, since LZ-100 cells
exhibit greater DOX resistance than LZ-8 cells in
the light of equivalent levels of P-gp and drug efflux.
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This plateau in P-gp levels (observed at 20% of the
total membrane proteins) in more highly resistant
LZ cell lines may represent the physical limit of P-
gp that a cell membrane can accommodate, a cellular
requirement for less energy-requiring resistance
mechanisms, or a down-regulation of the pgp 1
(hamster mdr 1) gene from feed-back control signals.

A second mechanism of resistance is a greatly
enhanced ability to detoxify DOX in LZ-8 (and LZ-
100) cells compared with wild-type V79 cells [18].
LZ cells structurally modify DOX to a cytotoxically
inactive form which is extruded from the cell.
Whether vesicles are involved in this process is
currently under investigation. A third mechanism is
a moderate reduction in topoisomerase II activity,
compared with V79, for LZ-8 and LZ-100*. Although
stabilized cleavable complex formation is reduced,
the amount of decrease cannot, in and of itself,
account for the high level of drug resistance observed
in LZ cell lines. Enhanced DNA repair also does
not appear to play a role in DOX resistance in LZ
cells, but reduced initial DNA damage appears to
have relevance [19]. Glutathione-S-transferase has
been shown previously to be unaltered [29]. In
addition to these previously described mechanisms,
the studies reported here suggest the possibility that
an altered drug distribution and drug sequestration
may represent additional mechanisms contributing
to drug resistance.

Different cell types have been shown to exhibit
vesicles similar to those reported here in LZ-100
cells. Some of the types of cells in which drug-
sequestering vesicles have been observed include:
MITO- or DOX-resistant variants of HT29 [30],
anthracycline- and alkaloid-resistant CEM/VLB
human T-cell lymphomas [31], DOX-resistant MCF-
7/ADR breast tumor cells [32], DAUN- or DOX-
resistant P388 and Ehrlich ascites cells (33, 39],
DOX-resistant rat colon cancer cells [20], various
human gastric and colon carcinoma cell lines [28, 34],
as well as primary human tumor cells [30]. Few or
no drug-sequestering vesicles have been reported in
wild-type or sensitive cells, consistent with our
observations in V79 cells [28]. Thus, although the
existence of vesicles in drug-resistant cells is well
established, relatively little is known about their
nature and function.

Vesicles have been postulated to play an important
role in drug elimination [33,35]. Some have
suggested that vesicles may inactivate the sequestered
drug prior to releasing it [28). Drug may be extruded
via exocytosis. Alternatively, if drug could escape
from intracytoplasmic vesicles after inactivation,
then inactivated drug may accumulate inside the cell
[34]. Accumulated, inactivated drug could slow the
entry of cytotoxically active drug from the exterior
of the cell by establishing a concentration barrier.
Also, any unaltered drug that passively diffuses into
the cell could be pumped into pre-existing vesicles
for inactivation if P-gp were present in the vesicle
membrane, as some evidence suggests [30, 36).

Previous reports of drug-containing vesicles have
suggested that they are formed either at the cell
membrane via endocytosis or intracellularly in

* Unpublished observations.
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the perinuclear area at/near the Golgi complex
[13, 37, 38]. In cells selected for MITO resistance,
vesicles appear to be formed from, and remain near,
the plasma membrane until extrusion from the cell
[28]. Due to a high rate of membrane turnover
detected in some drug-resistant cells, a nonspecific-
or nonreceptor-mediated endocytotic process has
been proposed [33,39]. However, if vesicles are
formed via endocytosis in LZ-100 cells, it cannot be
via a completely nonspecific process, since similar
numbers of vesicles were not observed following
similar exposure to DOX, MITO, and DAUN.
Other reports have suggested that vesicles could be
formed at/near the Golgi complex, a site of P-gp
localization inside the cell [1,12]. In this case,
vesicles may be formed from drug removed from
the nucleus or drug present in the cytoplasm [40].
However, in one study removal of drug from the
nucleus has been shown to occur in the absence of
vesicle formation [41]. In contrast with other reports,
DOX does not appear to enter the nucleus to a
significant extent (based on fluorescence) in LZ-100
cells; however, a large number of vesicles accumulate
in the perinuclear area. In addition, vesicles are
present throughout the cytoplasm and in the apical
regions of many cells.

Our studies showed that radiation pretreatment
dramatically inhibited DOX-induced vesicle for-
mation in LZ-100 cells; this inhibition increased
linearly with doses up to 10 Gy and resulted in a
redistribution of DOX from mainly the cytoplasm
to primarily the nucleus. This radiation effect does
not appear to be related to repression of drug efflux
via P-gp, since no alteration in efflux was detected
in these studies between irradiated and unirradiated
samples. The observations with LZ-100 described
here might be explained by either damage to cellular
membranes and/or damage registered at other
radiation-sensitive sites (i.e. DNA) [25-27]. Mem-
brane-induced damage from X-ray or DOX may
contribute to cell death or lead to inhibition/
retardation of DOX-containing vesicles formed at
the plasma cell membrane via endocytosis. This
might allow greater access of DOX to cellular target
sites (i.e. DNA) and thereby influence cell killing.
Radiation-induced damage either to the nuclear
membrane or to the mechanism responsible for
nuclear drug exclusion in LZ-100 cells might enable
more DOX to enter the nucleus. This is consistent
with the observations reported here in which DOX
was present in the nucleus following irradiation. This
redistribution of drug is similar to that reported
following treatment of drug-resistant cells with
verapamil and other MDR-reversing agents [37] and
could result in the production of more DNA damage.
Alternatively, the combined damage produced by
radiation treatment at the time of DOX exposure
might overwhelm DNA repair processes and cause
decreased survival. However, this last alternative
seems unlikely in view of our previous damage/
repair studies with LZ-8, where no differences in
either initial levels of DNA damage or types of DNA
repair were detected [19, 42, 43].

Our results showed that exposure of LZ-100 cells
to radiation decreased the number of DOX-
containing vesicles formed by more than one-half
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and also decreased survival following DOX exposure.
While these results suggest that vesicles may have
some impact on cell survival, the effect on survival
is not as dramatic as the inhibitory effect on vesicle
formation. Since LZ-100 cells exhibit a “complex”
MDR phenotype, multiple mechanisms contribute
to the overall cell survival observed. Elucidating the
contribution of one mechanism, when others also
simultaneously contribute toward cell survival, is
difficult. This may explain the lack of a noticeably
larger response on cell survival in LZ-100. Future
isolation of the gene(s) involved in drug sequestration
and transfection into a drug-sensitive cell line would
allow this question to be addressed unequivocally.

In these studies, DOX treatment was able
to induce vesicle formation at nontoxic drug
concentrations in LZ-3, LZ-8, and LZ-100 cells.
This suggests that drug sequestration can occur in
cells exhibiting different levels of drug resistance
and that this phenomenon likely also occurs in cells
exhibiting lower levels of drug resistance. This view
is supported by other studies in which low level
mitoxantrone (HT29NOV) and DOX (HT29ADR)
resistant variants of HT29 cells exhibited vesicles
following drug exposure [30]. In addition, vesicles
have been observed in tumor preparations made
from fresh human tumor biopsies. Those tumor
preparations that exhibited vesicles were more
resistant to DOX than were those without vesicles
[30].

The concentrations of DOX utilized in these
studies to visualize vesicles were high (1-100
ug/mL = 0.0018 to 0.18 mM), but noncytotoxic to
the LZ cells. At high concentrations, DOX is known
to self-associate and form dimers and/or n-mers
[44,45]. This association is temperature and pH
dependent [46]. Under the treatment conditions
used for LZ-100, such association is likely to have
occurred. However, vesicles were observed in
LZ-100 cells at concentrations in which no self-
association is expected to occur (3 ug/mL). Thus,
although it cannot be excluded that dimerization of
DOX may play a role in vesicle formation, DOX
self-association does not appear to be a requirement.

Some previous studies and our own unpublished
observations suggest that P-gp is a component of the
membranes of the cytoplasmic, drug-containing
vesicles [36]. Although primarily invoked as an
energy-dependent drug efflux pump [4], increasing
evidence suggests that P-gp may also have additional
functions [17, 18, 47, 48]. If DOX-containing vesicles
form via endocytosis, the P-gp molecule would be
expected to be oriented so that DOX could be
pumped into the vesicle. Our data and that of others
suggest the possibility that the P-gp molecule may
serve as a binding site and play a role in vesicle
formation [33, 39, 47]. In view of increasing evidence
that MDR can be caused by a variety of mechanisms
[1,49] and the fact that current chemotherapeutic
strategies may induce complex MDR [2] and drug
sequestration in vesicles [30], it is essential to detail
and identify the diverse mechanisms contributing to
a complex MDR phenotype.
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