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ABSTRACT

Four well defined multidrug-resistant cell lines and their drug-sensitive
counterparts were examined for intracellular distribution of daunorubicin
(DNR) by laser-assisted confocal fluorescence microscopy: P-glycopro-
tein-negative III,-60/AR cells, and P-glycoprotein-positive P388/ADR,
KBV-1, and MCF-7/ADR cells.

Both drug sensitive cell lines (HL-60/S, P388/S, KB3-1, and MCF-7/
S) and drug-resistant cell lines (HL-60/AR, P388/ADR, KBV-1, and
MCF-7/ADR) exposed to DNR showed a similar rapid distribution of
drug from the plasma membrane to the perinuclear region within the first
2 min. From 2-10 min, the drug sensitive HL-60/S, P388/S, and MCF-
7/S cells redistributed drug to the nucleus and to the cytoplasm in a
diffuse pattern. In contrast, drug-resistant HL-60/AR, P388/ADR, and
MCF-7/ADR redistributed DNR from the perinuclear region into vesicles
distinct from nuclear structures, thereby assuming a "punctate" pattern.

This latter redistribution could be inhibited by glucose deprivation (in
dicating energy dependence), or by lowering the temperature of the
medium below 18Â°C.The differences in distribution between sensitive

and resistant cells did not appear to be a function of intracellular DNR
content, nor the result of drug cytotoxicity.

Drug-sensitive KB3-1 and -resistant KBV-1 cells did not fully follow
this pattern in that they demonstrated an intracellular DNR distribution
intermediate between HL-60/S and HL-60/AR cells with both "punctate"

and nuclear/cytoplasmic uptake sometimes in the same cell. These data
indicate that the intracellular distribution of DNR is an important deter
minant of drug resistance regardless of the overexpression of P-glycopro-
tein. The intracellular movement of drug requires the presence of glucose
and a temperature above 18Â°C,implicating energy-dependent processes

and vesicle fusion in the distribution process. This intracellular transport
of DNR away from the nucleus in multidrug-resistant cells may protect
putative cell targets such as DNA against drug toxicity.

INTRODUCTION

The mechanisms by which tumor cells become resistant to
multiple chemotherapeutic agents has been the subject of ex
tensive investigation (1). In the majority of drug-resistant cul
tured cell lines, MDR3 is correlated with the overexpression of
a A/r 170,000-180,000 glycoprotein, the P-glycoprotein. This
glycoprotein is found in plasma membranes and on the luminal
side of the Golgi stacks (2) and is thought to function as an
energy-dependent efflux pump (3). Other mechanisms have
been described in both P-glycoprotein-negative and -positive
MDR cell lines, including: altered glutathione levels and glu-
tathione enzyme systems (4, 5), alterations in cytochrome P-
450 reducÃaseand Superoxide dismutase (6), and altered levels
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and activity of topoisomerase II, an enzyme involved in DNA
repair (7). In some cells, 2 or more mechanisms may operate
simultaneously, suggesting that resistance may be multifactorial
(8).

Our laboratory has characterized a MDR subline (HL-60/
AR) of the human myeloid leukemic HL-60 cell line (9), devel
oped by exposure to increasing levels of anthracyclines, that
does not overexpress the P-glycoprotein or its mRNA (10). The
HL-60/AR cells have been shown to accumulate and retain less
DNR because of increased drug outward transport system (9-
12). This increased drug efflux is blocked by verapamil, by
sodium azide/deoxyglucose, or at temperatures below 18Â°C(9-

12).
We have previously shown that drug-sensitive HL-60/S and

-resistant HL-60/AR cells demonstrate distinct patterns of
intracellular DNR distribution as visualized by digitized video-
intensified fluorescence microscopy (11, 12). With the availa
bility of optical sectioning by laser-assisted CFM, nuclear and
cytoplasmic structures to which DNR is distributed can now be
better defined. In the present CFM studies, we have analyzed
HL-60/S and the HL-60/AR cells for DNR distribution after
incubating the cells at a temperature of 18Â°C,which is known

to inhibit vesicular fusion, or in the presence of sodium azide/
deoxyglucose, which inhibits energy-dependent processes (11,
13). We have also examined the possibility that similar DNR
transport pathways and mechanisms exist in P-glycoprotein-
positive P388/ADR (14), KBV-1 (15), and MCF-7/ADR (5)
cell lines and in their drug-sensitive counterparts.

MATERIALS AND METHODS

Buffers and Reagents. Hanks' phosphate buffered saline was buffered
at pH 7.4. Hanks' phosphate buffered saline, Dulbecco's modified
Eagle's medium, and RPMI 1640 were purchased from Gibco Labo

ratories, Grand Island, NY, as were glutamine, pyruvate, nonessential
amino acids, penicillin, streptomycin, and fetal calf serum. DNR was
purchased from IvÃ©sLaboratories (Menlo Park, CA). Vinblastine and
sodium azide were purchased from Sigma Chemical Co. (St. Louis,
MO). I I A test microscope slides (8 circles, 11 mm inside diameter)
were purchased from J. & H. Berge, Inc. (South Plainfield, NJ).

Tissue Culture. The HL-60/S and HL-60/AR cells were cultured at
0.5 million cells/ml in RPMI 1640 containing the following: 2 IHM
glutamine, l IHM pyruvate, 0.1 IHM nonessential amino acids, 100
units/ml penicillin, 100 /Â¿g/mlstreptomycin, and 10% fetal calf serum.
The HL-60/AR cells were routinely maintained in the presence of 0.1
/IM DNR and then grown in the absence of DNR for 2 weeks before all
experiments. Culture flasks were incubated at 37Â°Cin a humidified

atmosphere of 5% CO2. P388/S and P388/ADR cells were a generous
gift from Dr. Douglas D. Ross, University of Maryland Cancer Center,
Baltimore, MD, and cultured as described by Kessel and Wilberding
(14). Daunorubicin was removed from the culture medium 2 weeks
before analysis. MCF-7/S and MCF-7/ADR cells were a gift from Dr.
Kenneth Cowen, NIH, Bethesda, MD, and were grown as previously
described (5) except that 2 weeks before experimentation, doxorubicin
was removed from the culture medium. The KB3-1 and KBV-1 cells
were obtained from Dr. Ira Pastan, National Cancer Institute, Bethesda,
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DNR DISTRIBUTION IN MDR CELL LINES

MD, and grown as described previously (15). For our experiments, the
KBV-1 cells were grown out of vinblastine overnight; removal of drug
for 2 weeks results in loss of drug resistance. In experiments to deter
mine the effect of temperature or metabolic inhibition, cells were either
pretreated for 15 min with buffer at 0Â°,18Â°,and 37Â°Cor were pretreated

with buffer containing 15 mM sodium azide plus 50 mivideoxyglucose.
All cell lines routinely tested negative for Mycoplasma.

Preparation of Slides and Timed Observation of DNR Distribution
Using CFM. Teflon-coated glass microscope slides with 8 wells were
used, each 11 mm in diameter with a volume capacity of less than 0.01
ml. These microscope slides were modified so that live cells could be
observed before and while exposed to drug. Three equally spaced
openings were cut leading into each chamber to allow DNR to be added
to a wet mount. For the normally nonadherent HL-60 or P388 cells,
the chamber was treated with 1 mg/ml poly-L-lysine for 15 min to
facilitate cell adhesion. Loosely bound cells were then washed free from
the microscope slide with buffer equilibrated to the appropriate tem
perature, and then a glass cover slide was placed on top of the chamber.
Cells adhering to the poly-L-lysine-treated microscope slides could then
be analyzed for DNR distribution using CFM under oil immersion
microscopy. In some experiments, absorbent paper was placed at 2 of
the 3 openings leading into the chamber on the microscope slide, while
DNR was added to the third opening. This method resulted in removal
of the drug-free buffer and replacement with buffer containing various
concentrations of DNR (0.01 to 50 ^M). DNR distribution was observed
at intervals from 10 s to 4 h; this permitted DNR trafficking analyses
as a function of concentration and time. MCF-7 and KB cells, both of
which are adherent, were grown on coverslips with poly-L-lysine. The
coverslip was then placed onto the wet (buffer) chamber and treated
with DNR as described above. Attached and unattached cells demon
strated identical fluorescence patterns. In some experiments, the slides
were in contact with a stage-mounted brass plate enclosing a coiled
tube through which temperature-controlled water was partially perfused
so that the temperature of the microscope slide to which the cells were
added was at 37Â°,18Â°,or 0Â°C.A thermocouple-tipped sensor in contact

with the glass slide, and connected to an electronic thermometer with
a digital readout calibrated to 0. IV. was used to monitor temperature.

Analysis of Suspended Cells for DNR Efflux Using CFM. One million
cells were incubated with different concentrations of DNR (0.01 to 50
Â¿IM)at 37Â°,18Â°,or 0Â°Cfor various times. The cells were then centrifuged

at 200 x g at room temperature for 7 s, then resuspended in drug-free
medium at 37Â°,18Â°,or 0Â°C,incubated for an additional 30 min, and

placed onto microscope slides without poly-L-lysine on the temperature-
equilibrated brass stage, and analyzed by CFM.

RESULTS

Intracellular Drug Distribution as a Function of Time in III,-
60/S and HL-60/AR Cells at 37Â°Cas Determined by CFM. HL-

60/S cells incubated in the presence of DNR (0.2 ^M) for 2 min
(real time) demonstrated DNR fluorescence within the plasma
membrane predominantly in the perinuclear region, and to a
small degree, in nuclear structures (Fig. IA). At 10 min, the
drug had largely distributed to nuclear membranes and to
filamentous and reticular cytoplasmic structures. The resolu
tion and intensity of DNR fluorescence increased for the first
30 min achieving a steady state from 30 to 60 min. This
intracellular drug distribution remained unchanged at 60 min
(Fig. 2A; Table 1) and during an additional 30 min of DNR
efflux in drug-free buffer. At lower concentrations (0.01 ^M),
below the 50% inhibitory concentration of HL-60/S cells (0.05
Â¿IM),DNR also rapidly localized to the perinuclear region but
did not enter the nucleus. The fluorescence intensity did not
change even after 60 min (data not shown). These qualitative
observations on fluorescence intensity were consistent with our
previously published quantitative pharmacokinetic observations
using radiolabeled drug (11).

In drug-resistant HL-60/AR cells, daunorubicin also initially
associated with the plasma membrane and predominantly with
the perinuclear region within 2 min (Fig. IB). This distribution
was similar to that observed in the drug-sensitive HL-60/S cells
except that there was no nuclear uptake. In contrast to HL-60/
S cells, HL-60/AR cells began to show a punctate pattern of
distribution after a 5-10-min incubation period (data not
shown). The drug distribution remained in a punctate pattern
following the 60-min incubation in the presence of drug (Fig.
IB) and a subsequent 30-min incubation in drug-free media.
This pattern of DNR fluorescence was consistent with our
previous pharmacokinetic measurements of maximum net ac
cumulated radioactively labeled drug (11), suggesting that drug
efflux is correlated with the punctate pattern of DNR
distribution.

Effects of Different Concentrations of DNR on Observed Flu
orescence Distribution Patterns in HL-60/S and HL-60/AR
Cells. HL-60/S and HL-60/AR cells were incubated in the
presence of 10~8, 10~7, 10~6, and IO"5 M radioactively labeled
[3H]DNR for l h at 37Â°C,then washed 3 times and assayed for

intracellular drug. Aliquots of each cell suspension were placed
back in culture and the degree of growth assessed after 48 h.

The intracellular drug accumulation in pmol of [3H]DNR/
IO6 cells and the degree of growth inhibition exerted at the

different concentrations are shown in Table 2. The intracellular
content of drug in resistant cells ranged consistently between
50 and 71% ofthat in sensitive cells. HL-60/S cells were almost
completely killed by 10~6DNR, whereas resistant cells showed
persistence in cell numbers over 48 h even in 10~5M drug. This

agrees with our previously published values for the 50% inhib
itory concentration of DNR by clonogenic assay of 0.05 MMfor
sensitive and 2.5 /UMfor resistant cells (9).

Comparison of drug localization in sensitive and resistant
cells at 10~7 and 10~6 M DNR is shown in Fig. 6. At 10~7 M,

differences could be seen between sensitive and resistant cells;
the former showed localization to nuclear and cytoplasmic
structures, whereas in resistant cells, most of the drug was
retained either in the perinuclear zone or in peripheral punctate
vesicles, with little or no drug in the center of the cell. These
differences were even more evident at 10~6 DNR. Resistant

cells showed no cytoplasmic or nuclear localization; rather,
there was accumulation of drug in punctate peripheral vesicles.
In sensitive cells, a large proportion of the drug was present in
the nuclear skeleton and in cytoplasmic structures.

Intracellular Distribution of DNR in HL-60/S and HL-60/AR
Cells at 0Â°Cand 1ST, and in the Presence of Sodium Azide/
Deoxyglucose. At 0Â°Cafter 60 min (Fig. 1, C and D), only cell

surface DNR fluorescence was observed by CFM. No internal-
ization was seen with either HL-60/S or HL-60/AR cells. At
18Â°C,DNR was internalized into both HL-60/S and HL-60/

AR cells (Fig. 2, C and D, respectively). HL-60/S cells contin
ued to show DNR localization to the perinuclear region, and
N/C structures (Fig. 2C). In contrast, HL-60/AR cells fail to
distribute drug in a punctate pattern (as at 37Â°C);the drug is

distributed mainly to the perinuclear region and N/C structures
as in HL-60/S cells (Fig. 2D). HL-60/AR cells incubated at
37Â°Cin the presence of sodium azide/deoxyglucose also fail to

localize drug in a punctate pattern (Table 1).
Intracellular Distribution of DNR in P388/ADR-, KBV-1-, and

MCF-7/ADR-resistant Cells and Their Drug-sensitive Counter
parts. Studies using CFM were performed with 3 P-glycopro-
tein-containing cell lines and their parental lines to determine
the differences in intracellular DNR distribution. At 37Â°C,the
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DNR DISTRIBUTION IN MDR CELL LINES

Fig. 1. Distribution of DNA in HL-60/S and HL-60/AR cells following a 2-min exposure at 37'C and for 60 min at O'C. Cells were attached to wells with poly-
L-lysine as described in "Materials and Methods." (A) HL-60/S cells incubated in the presence of l UMDNR for 2 min at 37'C. (B) HL-60/AR cells incubated in the
presence of l IHMDNR for 2 min at 37'C. (C) HL-60/S cells incubated in the presence of l /IM DNR for 60 min at O'C. (D) HL-60/AR cells incubated in the
presence of 1 *iM DNR for 60 min at O'C. Note the cells with bright fluorescence are dead when examined under phase contrast microscopy, liar. 10 //in. The

magnification (x 100) used in all figures is the same.

drug-sensitive wild type cell lines distributed DNR (0.2 ÃŸM)
into the plasma membrane and perinuclear region following a
2-min incubation (Table 1) with some drug uptake into nuclear
structures. By 60 min, the drug had distributed to the perinu
clear region and N/C structures as shown in Fig. 3A, 44, and
5A, respectively. Thus, like the HL-60/S cells, drug-sensitive
P388/S, KB3-1, and MCF-7/S cells take up DNR very rapidly,
first to the plasma membrane, perinuclear region and nuclear
structures, followed by additional uptake into the N/C struc
tures. All 3 resistant cell lines (P388/ADR, KBV-1, and MCF-
7/ADR) distributed DNR first (2 min) in the plasma membrane
and into the perinuclear region (Table 1) as was shown with
HL-60/AR cells; after 5-60 min, DNR redistributed into a
punctate pattern in all 3 cell lines (Table 1); the distribution
remained punctate at 60 min in the 3 lines as shown in Figs.
3B, 4B, and 5B, respectively. The KBV-1 cell lines was anom
alous in that DNR distribution was heterogeneous (Fig. 4ÃŸ);
some cells distributed DNR into N/C structures with a punctate
pattern, whereas other cells had no nuclear drug uptake and a
punctate pattern similar to the other drug-resistant cell lines.
This distribution remained unchanged after 60 min and after a
further 30-min incubation in drug-free buffer. At 18Â°C,as

shown in Figs. 3C, 4C, and 5C, all 3 drug-sensitive cell lines

(P388/S, KB3-1, and MCF-7/S cells, respectively) distributed

DNR in the perinuclear region and N/C structures. This DNR
distribution was identical to that observed at 37Â°C(Figs. 3A,

4A, and 5A). Drug distribution was also unchanged in P388/S,
KB3-1, and MCF-7/S drug-sensitive cells after treatment with
sodium azide/deoxyglucose (Table 1). Drug-resistant P388/
ADR and KBV-1 cells incubated at 18Â°Cand localized DNR

first (2 min) to the plasma membrane and the perinuclear region
(Table 1); within 5-60 min, DNR localized to the N/C struc
tures (Figs. 3D and 4D), similar to the drug uptake observed in
their respective drug-sensitive cell lines at 37Â°C.Identical re

sults were observed for DNR distribution with P388/ADR and
KBV-1 cells after exposure to sodium azide/deoxyglucose (Ta
ble 1). Drug-resistant MCF-7/ADR cells treated with sodium
azide/deoxyglucose, or kept at 18Â°C,localized DNR into the

perinuclear region first (2 min) but did not redistribute drug
into a punctate pattern nor into the N/C structures, but instead
DNR remained in the perinuclear region (Fig. 5D; Table 1).

DISCUSSION

We previously reported that anthracycline-resistant HL-60/
AR cells demonstrated altered DNR distribution when com-
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DNR DISTRIBUTION IN MDR CELL LINES

Fig. 2. Distribution of DNR in HL-60/S and HL-60/AR cells incubated in the presence of 0.2 /IM DNR for 60 min at 37'C and 18'C. The procedure followed is
described in "Materials and Methods." Ml HL-60/S cells incubated in the presence of 0.2 (/M DNR for 60 min at 37'C. (B) HL-60/AR cells incubated in the presence
of 0.2 UMDNR for 60 min at 37'C. (C) HL-60/S cells incubated in the presence of 0.2 JIMDNR for 60 min at 18'C. (fl) HL-60/AR cells incubated in the presence
of 0.2 ^M DNR for 60 min at 18'C.

Table I Characterization of cell lines and their intracellular DNR distribution

Sensitive
celllineHL-60/SP388/SKB3-1MCF-7/SResistantcell

lineHL-60/ARP388/ADRKBV-1MCF-7/ADRSpeciesHumanMouseHumanHumanHumanMouseHumanHumanCell

typeMyeloid

leu
kemiaLymphocyticleukemiaEpidermoidcarcinomaBreast

carci
nomaMyeloid

leu
kemiaLymphocyticleukemiaEpidermoidcarcinomaBreast

carci
nomaPGP

over- 2 min DNR
expression location37'Câ€”

PerinuclearPerinuclearâ€”

Perinuclear-

Perinuclear-

Perinuclear-1-

Perinuclear+

Perinuclear+

Perinuclear60

min DNR
location37'CNucleus/cytoplasm(N/C)N/CN/CN/CPunctatePunctateN/C/punctatePunctate60

min DNR
location18'CN/CN/CN/CN/CN/CN/CN/CPerinuclear60

min DNR
location +

NaN3/deoxyglucoseN/CN/CN/CN/CN/CN/CN/CPerinuclear

pared with their parental drug-sensitive HL-60/S cell line (11,
12); HL-60/AR cells distributed DNR in a "punctate" pattern

sparing the nucleus, whereas HL-60/S cells localized drug in a
more diffuse nuclear and cytoplasmic pattern as visualized by
digitized video fluorescence microscopy (11, 12). We also car

ried out pharmacokinetic studies using radioactively labeled
DNR, which correlated the punctate distribution with the ability
of the cell to extrude DNR (11). With the availability of CFM,
which markedly reduces observed fluorescence overlap and
scatter, the intracellular localization of DNR, especially in the
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Table 2 Effects of different concentrations of DNR

DNR concentration
in medium(M)1

x 10-'
1 x 10-*
1 x IO'7
1 x !<)-â€¢Accumulation

Cytotoxicity at 48 h
(pmol/ 106 cells)" (% ofcontrol)"HL-60/S

HL-60/AR HL-60/SHL-60/AR1647

713 19 37
194 (Fig. 6A) 138 (Fig. 6B) 25 63
48 (Fig. 6C) 33 (Fig. 60) 120 93
16 8 112 102

* Mean of 2 determinations.

drug-sensitive HL-60/S cells, could be better delineated. The
current study uses CFM to investigate the differences in DNR
distribution over time between the HL-60/S cells and the P-
glycoprotein-negative HL-60/AR cells. In addition, we have
investigated the intracellular distribution of DNR in 3 P-gly-
coprotein-positive multidrug-resistant cell lines that have been
well-characterized as to the mechanisms contributing to their
anthracycline resistance (5, 9, 14, 15).

We have found that DNR rapidly localizes into the perinu-
clear region (within 2 min) in both HL-60/S and HL-60/AR
cells (Fig. 1, A and B, respectively). This distribution is similar
to that described by Pagano and Sleight (13) for lipophilic
fluorescent probes such as phosphatidylcholine, and indicates
that DNR itself, a lipophilic cationic compound, initially traf
fics with phospholipid membrane components. However,
within 5-60 min the DNR distribution differed dramatically

between HL-60/S and HL-60/AR cells. In HL-60/S cells, DNR

at a concentration of 0.2 /Â¿Mredistributed from the perinuclear
region into the nucleus and into pleomorphic cytoplasmic struc
tures. This distribution remained unchanged at 60 min even
though nuclear denaturation and cell death were apparent under
phase contrast microscopy. The drug-resistant HL-60/AR cells
rapidly distributed DNR into the perinuclear region (within 2
min), similar to HL-60/S cells. In contrast to sensitive HL-60/
S cells, drug-resistant HL-60/AR cells subsequently redistrib

uted DNR away from the nucleus into a punctate pattern. The
difference in DNR distribution between sensitive and resistant
cells was neither a function of intracellular drug content nor an
artifact of drug toxicity. The differences in drug localization
were seen in viable cells at concentrations of 10~7M DNR, well

below those required to induce immediate cytotoxicity or to
inhibit cell growth in either sensitive or resistant cells (Fig. 6.
At all concentrations, the intracellular drug content of [3H]-
DNR in 100-200-fold drug-resistant cells was 50-71% ofthat

in sensitive cells, indicating that the drug must be redistributed
away from putative target sites in resistant cells. Moreover,
DNR at a concentration of 10~6 M was more toxic to HL-60/
AR cells than 10~7 M DNR was to sensitive cells; yet the

sensitive and not the resistant cells showed nuclear and cyto
plasmic localization.

This punctate pattern of DNR distribution was similar to

Fig. 3. Distribution of DNR in P388/S and P388/ADR cells incubated in the presence of 0.2 MMDNR for 60 min at 37Â°Cand 18Â°C.The procedure followed was
the same as Fig. 2. (A) P388/S cells at 37Â°C.(B) P388/ADR cells at 37Â°C.(C) P388/S cells at 1ST. (D) P388/ADR cells at 18"C.
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Fig. 4. Distribution of DNR in KB3-1 and KBV-1 cells incubated in the presence of 0.2 >JMDNR for 60 min at 37Â°Cand 18'C. The procedure followed was the
same as in Fig. 2. (A) KB3-1 cells at 37'C. (B) KBV-1 cells at 37T. (C) KB3-1 cells at 18'C. (D) KBV-1 cells at 18Â°C.

that observed in our previous study using probes with affinities
for mitochondria and lysosomes (11). It is likely that this
punctate pattern of DNR distribution represents the final des
tination of retained DNR in drug-resistant HL-60/AR cells. In
these locations, the DNR may be partitioned away from puta
tive target DNA, allowing cellular growth to continue. At lower
DNR concentrations (0.01 UM), HL-60/AR cells first distrib
uted DNR to the perinuclear region, following which DNR can
no longer be visualized by CFM, presumably because DNR is
effluxed out of the cell (data not shown). The organdÃes visu
alized in HL-60/S and HL-60/AR cells (Fig. 2, A and D) after
treatment with DNR appear to be morphologically identical to
the nuclear envelope (13, 16). The cytoplasmic structures are
very similar to those that were observed by Pagano and Sleight
(13) using the fluorescent analogue of phosphatidic acid (C6-
NBD-PA), which localizes to the endoplasmic reticulum. These
data suggest that both HL-60/S and HL-60/AR cells distribute
DNR into hydrophobic membranes (N/C structures) after ex
posure of these cells to their respective toxic concentrations of
drug.

We studied the effect of temperature (Fig. 2, C and D) and
sodium azide/deoxyglucose (Table 1) on DNR distribution in
HL-60/S and HL-60/AR cells. In neither cell was the entry of
DNR or its perinuclear localization blocked either at 18Â°Cor
by sodium azide/deoxyglucose; but entry was inhibited at 0Â°C

(Fig. 1, C and D; Table 1). The usual punctate pattern of DNR
distribution observed in HL-60/AR cells was blocked at 18Â°C

and in the presence of sodium azide/deoxyglucose (Table 1).
Thus, in HL-60/AR cells, shift of DNR from the perinuclear

to the more peripheral punctate vesicular pattern requires both
ATP-derived energy and intact mechanisms for vesicle fusion.

The intracellular distribution of DNR in HL-60/S and HL-
60/AR cells appears to be prototypic for other drug-sensitive
and -resistant cells, whether P-glycoprotein-positive or -nega
tive. Drug-sensitive P388/S, KB3-1, and MCF-7/S predomi

nantly localize DNR into the plasma membrane, into the per
inuclear region, then into the N/C structures (Table 1). This
pattern was similar to that of the HL-60/S line. All 3 of the
MDR cell lines (P388/ADR, KBV-1, and MCF-7/ADR) dis
tributed DNA in a punctate pattern, similar to the P-glycopro-
tein-negative HL-60/AR line. The KBV-1-resistant cells ap

peared to have 2 distinct patterns of DNR distribution. Some
cells distributed DNR exclusively in a punctate pattern with no
nuclear uptake, whereas other cells were both punctate and
demonstrated nuclear uptake. However, the KBV-1 cell line
was not stable and reverted back to a drug-sensitive cell line

when drug was removed from the growth media. It could not
be told from our data whether 2 populations of cells with
different sensitivities to DNR are present, and whether those

4960

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/18/4955/2445466/cr0510184955.pdf by guest on 19 M

ay 2023



DNR DISTRIBUTION IN MDR CELL LINES

Fig. 5. Distribution of DNR in MCF-7/S and MCF-7/ADR cells incubated in the presence of 0.2 MMDNR for 60 min at 37"C and 18'C. The procedure followed
was the same as in Fig. 2. (A) MCF-7/S cells at 37'C. (B) MCF-7/ADR cells at 37'C. (C) MCF-7/S cells at 18'C. (fl) MCF-7/ADR cells at 18Â°C.

cells that distributed DNR in the N/C structures are drug-
sensitive.

Other investigators have previously observed an altered intra-
cellular distribution of DNR in a number of MDR lines. Wil-
lingham et al. (15) demonstrated that drug-sensitive KB3-1
cells had a different pattern of DNR distribution when com
pared with their drug-resistant counterparts, KBC-1. In the
drug-sensitive KB3-1 cells, DNR (20 UM) was predominantly
localized to the nucleus within 5 min. In our study, using DNR
at lower concentrations (0.2 Â¿IM),the KB3-1 cells localized drug
predominantly to the perinuclear region and N/C structures
within 5-60 min (Fig. 4/1); only following cell death and nuclear
denaturation was DNR fluorescence localized within the nu
cleus. In their study, the drug-resistant KB-C4 cells (another
resistant isolate of the KB cells) distributed DNR to the peri-
nuclear region and into a punctate pattern similar to the results
that we observed with the KBV-1 cells in the present study (Fig.
4B). Keizer et al. (17) have recently demonstrated that the drug-
resistant small cell lung carcinoma cell line (SW-1573) distrib
uted DNR to the perinuclear region. This pattern of DNR
distribution was different than the predominantly nuclear up
take found in drug-sensitive SW-1573 cells. Beck et al. (18)
have also shown that the atypical MDR cells that lack the P-
glycoprotein also distribute DNR in a punctate pattern. These
studies support the idea that altered DNR distribution is a

general phenomenon associated with MDR cell lines, whether
P-glycoprotein-positive or -negative.

Lowering the temperature of the medium to 18Â°Cand expo

sure of cells to sodium azide/deoxyglucose are known to inhibit
vesicle fusion and endocytosis, respectively (13, 16, 19, 20).
The internalization and localization of fluorescein-conjugated
phosphatidylcholine and sphingomyelin analogues as well as
receptor-mediated ligands such as transferrin by various cell
lines have been shown to be inhibited by low temperatures and
by sodium azide/deoxyglucose (19-23).

In our study, the entry of DNR into the cell and its advance
ment to the perinuclear region in both drug-sensitive and
-resistant cells was not inhibited at 18Â°Cor by sodium azide/

deoxyglucose, and thus did not require an energy-dependent
endocytic process. Pagano and Longmuir ( 16) have shown that
the fluorescent analogue of diacylglycerol rapidly labeled cyto-
plasmic membranes by a process that was not abrogated by
ATP depletion. The solubility of DNR for lipid membranes has
been well established (24, 25). This suggests that initial intra-
cellular accumulation of DNR occurs by passive diffusion of
the electroneutral form of the drug into the lipid domains of
the plasma membrane (25, 26). Once DNR has internalized, it
is free to associate with intracellular membranes, including
membranes found in the perinuclear region.

The actual intracellular organelle to which DNR is localized
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Fig. 6. Distribution of DNR in HL-60/S (A, O and HL-60/AR (B, D) following a 60-min exposure at 37"C to DNR at 10~7 M (C, D) and l (T
were processed as described in "Results." M (A, B). Cells

while in the perinuclear region is unknown. It has been shown
that ATP-dependent and -independent endocytic (i.e., receptor-
mediated and lipid transport) vesicle transport occurs via the
structure termed the PLC (13, 21, 22, 27). The PLC is located
in the perinuclear region and is the site for plasma membrane
and receptor recycling, and sorting of vesicles to lysosomes or
plasma membrane (28). Lipid molecules such as the fluorescent
analogue of sphingomyelin have been shown to distribute to
the perinuclear region (presumably the PLC) from the plasma
membrane. We have previously shown that DNR transport is
not disrupted by monensin from the plasma membrane to the
perinuclear region into the punctate pattern (11). DNR mi
grates very similarly to both sphingomyelin and the transferrin
receptor and like these molecules, may localize to the PLC (21,
27). The carboxylic ionophore monensin has been shown to
disrupt membrane trafficking (29). In particular, monensin has
been shown to inhibit the transport of newly synthesized sphin
gomyelin from the Golgi apparatus to the plasma membrane.
Monensin does not inhibit the recycling of sphingomyelin to
and from the plasma membrane via PLC (21). The results
obtained in our study allow the hypothesis that DNR localizes
to the PLC followed by energy-dependent transport and redis
tribution into the organdÃes that receive lipid vesicles from the
PLC, such as the lysosomes, mitochondria, and the plasma
membrane (13). Whether DNR is located in the PLC is not
known and colocalization studies with the appropriate markers
are in progress.

The similar patterns of DNR distribution seen in P-glycopro-
tein-positive or -negative cells point to common routes of

intracellular drug transport and efflux in both types of cells.
The P-glycoprotein has been located both on the plasma mem
brane and within intracellular membranes (2). It is conceivable
that the P-glycoprotein migrates with recycling plasma mem
brane vesicles and therefore would also be found on the PLC
membrane in the correct orientation and would pump DNR
into these vesicles or into the PLC. Once in these locations, the
drug would be trapped inside these vesicles until they fused
with the plasma membrane and effluxed out of the cell. In the
case of DNR, acidification of the vesicles would protonate
DNR, making it more cationic and resulting in the trapping of
the drug. We have previously shown that drug-resistant HL-
60/AR cells demonstrated enhanced resistance when the extra
cellular pH was decreased below pH 7.4. In HL-60/AR cells
and other cells that do not overexpress the P-glycoprotein, the
mechanism for trapping drug inside the putative vesicles is not
known. The possibility that a molecule similar to the P-glyco
protein may act as an ion channel to acidify and trap DNR
within the vesicles is now being investigated.

In view of the observation that most clinically observed
instances of de novo drug resistance are not accompanied by
amplification of the P-glycoprotein, the concept that endocy-
tosis, intracellular vesicle sorting, and/or efflux of drug may be
augmented in drug-resistant cells by more than one mechanism
needs to be further investigated.
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