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Purpose. Following extracellular drug clearance, we analyzed the rate of doxorubicin efflux from the

nucleus of three human leukemic cells (K562, Molt4 and CCRF-CEM) and related it to their differential

sensitivity to this drug, after a short drug pulse.

Results. For many pulse-chase regimes, K562 cell viability was least affected by doxorubicin. In K562

cells, nuclear drug accumulation was greatest, but nuclear drug egress was also greatest. P-glycoprotein

over-expression in a doxorubicin-resistant, K562/DOX sub-line did not facilitate doxorubicin efflux from

the nucleus. In K562 cells, doxorubicin accumulated in multivesicular bodies (MVBs) through a pH-

dependent mechanism. Inhibiting drug sequestration in MVBs did not affect nuclear efflux. The rates of

doxorubicin efflux from the nuclei of live and digitonin-permeabilized K562 cells were similar. However,

extracting cytoplasmic membranes with Triton X-100 significantly inhibited nuclear drug efflux

following extracellular drug clearance.

Conclusion. Our results are consistent with drug efflux from the nucleus being primarily mediated by an

ATP-independent, passive diffusion mechanism. The effect of membrane extraction suggests that

nonspecific drug absorption to cytoplasmic membranes plays a role in facilitating nuclear efflux in K562

cells, perhaps by lowering the concentration of free doxorubicin from a perinuclear diffusion boundary

layer.

KEY WORDS: cellular pharmacokinetics; doxorubicin; drug delivery; drug resistance; drug
sequestration; drug targeting; multivesicular body.

INTRODUCTION

Differences in intracellular accumulation and distribu-
tion of anticancer drugs in cancer cells may contribute to
some cancer cells being less sensitive to chemotherapy than
others. In this context, a new type of intrinsic drug resistance
mechanism is of considerable interest: the efflux of cytotoxic
drugs from the intracellular site of action, potentially
facilitated by nonspecific drug absorption to membranes or
sequestration in specific, membrane-bound organelles (1,2).
In the cytoplasm of cancer cells, active transmembrane
transport mechanisms can facilitate drug sequestration into
lysosomes or endocytic vesicles (3), creating sink conditions
in the cytosol after clearance of drug from the extracellular
medium. Cytosolic sink conditions could facilitate drug
unbinding from intracellular targets, contributing to de-
creased sensitivity of cancer cells to anticancer drugs.

In addition to active transport mechanisms, ion-trapping in
low-pH compartments can mediate intracellular drug seques-
tration, to facilitate unbinding from the drug target (4). Weakly
basic, hydrophobic drugs such as doxorubicin are neutral in

cytosolic pH and can freely diffuse across membranes. Once
they enter acidic compartments such as lysosomes, they
become protonated and membrane-impermeant, so they can
accumulate in acidic organelles (5,6). For example, daunoru-
bicin predominantly accumulates in the nucleus, its site of
action, in some drug-sensitive cell lines. In a drug-resistant
sub-line of those cells, the drug is sequestered in cytoplasmic
organelles, and this difference is associated with differences in
the acidification of lysosomes (7).

K562 is a human erythroleukemic cell line that seques-
ters doxorubicin in cytoplasmic vesicles and is intrinsically
more resistant to this drug, compared to other cell lines (8).
K562 cells express low levels of MDR transporters and yet
have the ability to survive anthracycline-induced cytotoxicity
(9). MDR transporters can facilitate the intracellular drug
sequestration in K562 and may contribute to the acquisition
of multi-drug resistance (10). Biochemical analysis of intra-
cellular doxorubicin concentration in K562 cells immediately
following a drug pulse reveals that intracellular drug concen-
tration is greater than extracellular concentration, yet
doxorubicin continues to dissociate from the nucleus despite
a large amount of intracellular drug (11). This observation
can be explained by an intracellular sink condition in which
doxorubicin is bound or otherwise compartmentalized, so
there is little freely soluble doxorubicin in the cytosol. In
K562 cells, doxorubicin efflux from the nucleus occurs at a
faster rate in living cells compared to isolated nuclei,
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suggesting the existence of a drug transport pathway
facilitating nuclear efflux (12). Thus, while the cause of drug
resistance is understood to be multi-factorial (13), intracellu-
lar drug sequestration may be one of the factors that can
contribute to intrinsic drug resistance of K562 cells.

Here, we compare the viability of K562 leukemic cells in
response to different doxorubicin pulse-chase treatments
with that of other leukemic cell lines lacking intracellular
sequestration mechanisms. Cytoplasmic drug sequestration in
MVBs followed rapid nuclear efflux in K562 cells, and led to
alterations of MVB morphology and increased numbers of
MVBs. In K562 cells, MVBs appeared to fuse with the
plasma membrane to facilitate exocytosis of drug. However,
incubation of cells with ammonium chloride—an agent that
raises the pH of acidic organelles—inhibited drug sequestra-
tion in MVBs, but did not interfere with rapid nuclear efflux.
Most importantly, extraction of cytoplasmic membranes with
Triton X-100 decreased the rate of drug efflux from the
nucleus, but plasma membrane permeabilization with digito-
nin did not have such an effect. The digitonin experiment
suggests that in K562 cells nuclear efflux may be facilitated
by an ATP-independent mechanism. The Triton X-100
experiment suggests cytoplasmic membrane binding may be
responsible—at least partly—for facilitating passive diffusion
of doxorubicin molecules out of the nucleus.

MATERIALS AND METHODS

Cell Culture. K562, Molt4, and CCRF-CEM cells (Na-
tional Cancer Institute, Bethesda, MD) were maintained in
tissue culture medium (RPMI supplemented with 10% FBS
and 1% penicillin/streptomycin at 37-C with 5% C02). K562/
DOX cells were a gift from Dr. Duxin Sun (Ohio State
University, Columbus, OH) and were maintained in tissue
culture medium with once-monthly stimulation with 0.1 mM
doxorubicin. All experiments were done with cells in
logarithmic growth phase (0.2–1.0� 106 cells/ml).

Cell Viability Experiments. Cells were pulsed with
0.001–100 mM doxorubicin (Bedford Laboratories, Bedford,
OH) in tissue culture medium for 10 min–4 h and then plated
at a density of 20 K cells/well in 96-well plates. Viable cell
populations after 0 and 48 h post wash-out of drug were
assessed using the MTT cell proliferation assay according to
the manufacturer_s directions (ATCC, Manassas, VA). To
calculate GI50 values, cell proliferation in treated cells was
compared to untreated controls. The GI50 value is the drug
concentration at which the increase in MTT-reducing activity of
a drug-treated, cell population is inhibited by 50%, as compared
to an untreated (control) cell population, over a 48 h period.
Sigmoidal dose response curves were fit to the data using
SigmaPlot (Systat Software Inc., Point Richmond, CA) and
used to compute the GI50 for each experiment. The mean GI50
and SEM for each pulse-chase regimen and cell type were
calculated from three separate experiments. To determine
statistical significance, a one-tailed homoscedastic t-test was
performed to calculate the p value.

Efflux Experiments. Cells were pulsed with 10–100 mM
doxorubicin in RPMI for 1 h at 37-C. Following the pulse,
cells were washed twice with fresh tissue culture medium and
incubated in drug-free tissue culture medium for up to 4 h.

Where indicated, the chase period was carried out in 10 mM
NH4Cl in RPMI. To analyze nuclear efflux in permeabilized
cells, K562 cells were permeabilized with digitonin or Triton
following a 1-h 100 mM doxorubicin pulse. For extraction
using digitonin, cells were incubated with 60 mg/ml digitonin
in intracellular buffer for 5 min on ice. Cells were then
washed twice with buffer before being incubated in buffer at
37-C for 8 h. At the end of the efflux period, the nuclei of
digitonin-permeabilized cells were isolated using Triton as
described below. For extraction using Triton, cells were first
permeabilized with digitonin as described above and then
incubated in 1% Triton in intracellular buffer for 15 min and
again washed twice before being incubated in buffer for 8 h.
Control cells were pulsed with drug and then incubated in
cell culture media at 37-C for 8 h. At the end of the efflux
period, control cells were permeabilized with digitonin and
then Triton so that all the cells went through the same
extraction steps over the course of the experiment. To
measure nuclear efflux in K562 versus K562/DOX cells, both
cell types were pulsed with 100 mM doxorubicin in tissue
culture medium for 1 h at 4-C. Cells were then washed with
fresh media and incubated at 37-C for 4 h. To determine
statistical significance, a one-tailed homoscedastic t-test was
performed to calculate the p value.

Intracellular Drug Measurements. Drug mass in nuclei
was determined as previously described (12). At the end of
the efflux period, membrane and freely soluble drug were
extracted by incubating cells in 1% Triton X-100 in
intracellular buffer (30 mM HEPES, 10 mM EGTA, 0.5 mM
EDTA, 5 mM magnesium sulfate and 33 mM potassium
acetate; pH 7.4) for 15 min. Nuclear pellets were isolated after
centrifugation at 1,000�g for 5 min. Nuclear pellets were
washed twice and resuspended in buffer by vortexing.
Samples comprised of 500–750 K nuclei in 100 ml of buffer
were transferred to individual wells in 96-well plates, and
data was acquired with a Typhoon 9200 fluorescence scanner
(Amersham Biosciences, Piscataway, NJ). Doxorubicin fluo-
rescence was captured with green laser illumination (535 nm)
and the 580 BP 30 emission filter on the instrument. To
normalize for cell number, the nucleic acid stain Syto 63
(Molecular Probes, Eugene, OR) was added to each well at
the concentrations recommended by the manufacturer and
imaged using red laser illumination (633 nm) and the 670 BP
30 emission filter. The 16-bit plate image data files were
analyzed with Metamorph software (Molecular Devices
Corporation, Sunnyvale, CA). Doxorubicin mass in each well
was calculated using a standard curve of drug in buffer. In
validation experiments, we established that the integrated
fluorescence intensity and total doxorubicin mass exhibited a
linear relationship across the range of experimental measure-
ments, and that measurements were comparable before and
after digesting the DNA and proteins in the samples using
DNase I and Proteinase K. We also confirmed that the
overall loss of cellular doxorubicin, as determined by the
difference in the total drug mass within the cells before and
after the efflux period, was comparable to the measured drug
mass that accumulated in the extracellular medium during
efflux. Therefore, we concluded that the binding of doxoru-
bicin to cellular components did not impact its fluorescence
measurement in our assay and could be quantitated using a
standard of drug in buffer. The total number of cells in each
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well was calculated using standard curves made by varying
numbers of cells stained with Syto dye. In each well, dividing
the total mass of doxorubicin by the number of nuclei yielded
the mass of doxorubicin per nucleus. The mean nuclear drug
mass and SEM for each cell type and time point were
calculated from at least three separate experiments. To
determine statistical significance, a one-tailed homoscedastic
t-test was performed to calculate the p value.

Fluorescence Staining. For plasma membrane labeling,
K562 cells were incubated with 4 mM FM1-43 (Molecular
Probes) in ice-cold HBSS for up to 25 min according to the
manufacturer_s protocol. To track endocytosis, cells were
incubated with 4 mM FM1-43 in tissue culture medium at
37-C for up to 1 h. For labeling of cytoplasmic membranes,
K562, Molt4, and CCRF-CEM cells were first permeabilized
with 60 mg/ml digitonin in PBS on ice for 5 min. The cells
were then washed twice with PBS and incubated with 4 mM
FM1-43 in PBS. FM1-43 fluorescence was captured with
green laser illumination (535 nm) and the 526 SP emission
filter on the fluorescence scanner. To label acidic compart-
ments, K562 cells were incubated with 75 nM Lysotracker
Green (Molecular Probes) in tissue culture medium for 30
min.

Microscopy. For confocal microscopy, cells were imaged
with an Olympus FV-500 microscope (Olympus Corp., Center
Valley, PA) using a 100� oil immersion objective. Argon laser
(488 nm) illumination was used to acquire images of Lyso-
tracker Green (LTG) or FM1-43, and a HeNe Green laser
(543 nm) was used to acquire images of doxorubicin, in two
separate detection channels. RGB color overlays were created
with Adobe Photoshop from separate grey scale images, with
the doxorubicin image in the R channel; LTG or FM1-43
image in the G; and black fill in the B. For electron
microscopy, untreated and doxorubicin-pulsed K562 cells
were washed twice with serum-free media, incubated at 37-C
with 2.5% glutaraldehyde in 0.1 M Sorensen_s buffer at pH 7.4
for 30 min, and washed twice with 0.1 M Sorensen_s buffer.
Samples were prepared for microscopy 8 h after a 1-h, 1–100 mM
drug pulse and immediately after a 24-h, 0.5 mM doxorubicin
pulse. Cells were fixed with 1% osmium tetroxide in 0.1 M
Sorensen_s buffer for 15 min at 4-C and washed three times with
ddH20. Uranyl acetate was added for a final concentration of
8%, and then cells were incubated for 1 h at room
temperature. The sample was dehydrated in a graded etha-
nol/water series (50, 70, 90 and 100%) for 5 min each, and then
infiltrated in Epon resin (Resolution Performance Products,
Houston, TX) and polymerized at 60-C for 24 h. The stained
cells were visualized and photographed with a Phillips CM/100
transmission electron microscope at magnifications from
3,600 to 130,000�.

RESULTS

Cell Viability is Greater in K562 than in Molt4 or CCRF-
CEM Cells for Similar Doxorubicin Pulse-Chase Regimes

To determine doxorubicin_s effect on cell viability
following extracellular drug clearance, K562, Molt4, and
CCRF-CEM cells were pulsed with 1 nM to 100 mM
doxorubicin for 10 min to 4 h and then incubated in drug-

free medium for 48 h. Cell viability after 48 h was determined
using the MTT assay (14) and compared to the untreated
control (Fig. 1a). Based on the MTT assay, CCRF-CEM cells
were most sensitive to the drug. Molt4 cells had intermediate
sensitivity. MTT reducing activity was least affected in K562
cells, at all concentrations and pulse lengths tested. GI50
values were calculated from the MTT assay (Fig. 1b). The
GI50 values for K562 cells were three to 60-fold greater than
the other cell lines for every pulse-chase regimen tested
(mean p value < 0.02).

K562 Cells Accumulate more Nuclear Doxorubicin
than Molt4 or CCRF-CEM When Pulsed with Drug,
and Doxorubicin Exits the Nucleus More Rapidly

The decreased sensitivity of K562 cells to doxorubicin
could be explained by a decrease in the rate of doxorubicin
influx or an increase in the rate of doxorubicin efflux from
the drug_s site of action. Previously, we determined that the
doxorubicin concentrations inside nuclei of K562 cells reach
steady levels within 5 min after drug addition (12). Molt4 and
CCRF-CEM cells were also found to establish steady-state
nuclear drug concentrations within 5 min (data not shown).
To test if differences in cell viability between the cell lines
were due to differences in doxorubicin influx or to facilitated
drug efflux from the nucleus, cells were pulsed with 10 mM
doxorubicin for 1 h and then incubated in tissue culture
media for 4 h to allow for drug efflux. Cell nuclei were
isolated at the beginning and end of the efflux period, and the
nuclear drug mass was determined. The amount of drug in
the nucleus was significantly higher immediately following
the pulse in K562 cells as compared to the other cells
(p value < 0.004; Fig. 2a). After 4 h under efflux conditions,
the drug mass in the nuclei of K562 cells had decreased by
more than 30%, a significantly greater amount (p value < 0.03)
than Molt4 and CCRF-CEM cells, both of which exhibited
<10% loss in nuclear drug content (Fig. 2b). Thus, doxoru-
bicin efflux from the nucleus is fastest in K562 cells. This is
consistent with this cell line_s increased viability in every
pulse-chase regime tested. Because nuclear drug mass in
K562 cells is greater than in the other cell lines following
exposure to doxorubicin, the reduced growth inhibitory
activity of doxorubicin in K562 cells cannot be ascribed to
its inability to reach the target.

K562 Cells—but not Molt4 or CCRF-CEM—Sequester
Doxorubicin in Cytoplasmic Vesicles

Drug sequestration in cytoplasmic organelles has been
proposed to be a mechanism facilitating nuclear efflux (15).
To test if this may explain the higher rate of nuclear efflux in
K562 cells relative to the other cell lines, cells were pulsed
with 10 mM doxorubicin for 1 h and then imaged using a
confocal microscope after 4 h under efflux conditions (Fig. 3).
K562 cells exhibited nuclear localization of doxorubicin, as
well as sequestration of the drug in cytoplasmic vesicles.
Molt4 and CCRF-CEM cells exhibited drug localization in
the nucleus only. Previously, we observed that drug accumu-
lation in cytoplasmic vesicles of K562 cells occurs gradually
under efflux conditions (12). Given that steady-state drug
concentrations within nuclei are established within 5 min for
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all cell lines (12), drug sequestration following extracellular
drug clearance is most closely associated with nuclear efflux,
as observed in K562 cells.

Doxorubicin-Sequestering Cytoplasmic Vesicles Belong
to the Endocytic Pathway

In a previous study (12), we found evidence that in K562
cells, doxorubicin accumulates in organelles that morpholog-
ically resemble multivesicular bodies of the endo-lysosomal
compartment. To confirm that the organelles accumulating
doxorubicin in K562 cells correspond to this endo-lysosomal
compartment, cells were pulsed with 10 mM doxorubicin and
then labeled with the styryl dye FM1-43, and imaged using a
confocal microscope (Fig. 4). FM1-43 is used as a fluorescent
marker of endocytosis (16) because the dye is lipophilic and
partitions preferentially at the plasma membrane before
gradually accumulating in intracellular endocytic vesicles
through endocytosis of the plasma membrane. In K562 cells,
FM1-43 initially only labeled the plasma membrane (Fig. 4),
with doxorubicin mostly present in the nucleus and cytoplas-

Fig. 1. K562 cells are intrinsically more resistant to doxorubicin

than Molt4 and CCRF-CEM. a Cell viability determined using the

MTT assay in treated cells compared to the untreated control after

cells were pulsed with 0.001 to 100 mM doxorubicin for 10 min to 4 h.

b GI50 values calculated for the different pulse lengths for each cell

line. Data are the means of three experiments T SEM.

Fig. 2. K562 cells accumulate more doxorubicin in the nucleus and

have a facilitated nuclear efflux mechanism. a Mass of doxorubicin per

nucleus immediately following a 1-h 10 mM drug pulse. b Percentage of

the initial drug mass remaining in the nucleus after 4 h under efflux

conditions. Data are the means of three experiments T SEM. The

double asterisks denote statistical significance (p value < 0.05).

R
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mic vesicles. After longer incubation times, which allowed for
the endocytosis of FM1-43, co-localization between doxorubi-
cin and FM1-43 in cytoplasmic vesicles became increasingly
visible (Fig. 4). After 1 h of incubation, large doxorubicin-
containing intracellular vesicles were also labeled with FM1-43
(Fig. 4). These results provide evidence that the intracellular
doxorubicin-containing vesicles correspond to late endosomes
or lysosomes, which is consistent with our previous report
indicating that in K562 cells, doxorubicin accumulates in
intracellular vesicles that correspond in size, number and
location to MVBs (12).

Doxorubicin-laden Cytoplasmic Vesicles of K562 Cells can
Fuse with the Plasma Membrane

In K562 cells, MVBs are known to undergo fusion with
the plasma membrane, releasing the intralumenal vesicles of
the MVBs into the extracellular medium (17). These intra-
lumenal vesicles are known as Bexosomes^. Generally,
exosomes are shed from cells upon fusion of MVBs with
the plasma membrane and serve as a disposal route for
monoubiquitinated membrane proteins (18). To determine if
doxorubicin-sequestering organelles in K562 cells are able to
fuse with the plasma membrane, K562 cells were pulsed with

100 mM doxorubicin for 1 h. After an 8-h chase period in
drug-free medium, the cells were labeled with FM1-43. The
incubation with FM1-43 was brief (<25 min) and carried out
in ice-cold buffer to halt endocytosis. Confocal microscope
images showed some large doxorubicin-containing vesicles
adjacent to the plasma membrane labeled with FM1-43
(Fig. 5), while the doxorubicin-containing vesicles located
further from the plasma membrane remained unlabeled.
Since FM1-43 does not penetrate the plasma membrane and
is nonfluorescent in aqueous media, the bright labeling of
such vesicles indicates fusion of the doxorubicin-containing
vesicles with the plasma membrane. It also indicates a high
lipid content in the doxorubicin-containing vesicles. These
results are consistent with previous observations of FM1-43
staining of exosome-loaded MVBs fusing with the plasma
membrane (19).

The Number and Morphology of MVBs Changes
in Response to Doxorubicin

Following up on these experiments, we tested if drug
sequestration in MVBs affected the structure or function of
this organelle. For this purpose, transmission electron
microscopy was used to monitor the number, size and

Fig. 3. K562 cells sequester doxorubicin in cytoplasmic vesicles. Confocal images of K562, Molt4, and CCRF-

CEM cells 2 h after a 1-h 10 mM doxorubicin pulse (N denotes the nucleus, and C denotes the cytoplasm).

Fig. 4. Doxorubicin is sequestered in endocytic compartments of K562 cells. Confocal images of

doxorubicin and FM1-43, 4 h after a 1-h 10 mM drug pulse. Cells were incubated with FM1-43 for 5 min

to 1 h. The left column shows FM1-43 distribution. The middle column shows doxorubicin localization. The

right column is an overlay of these two images.
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morphology of MVBs in K562 cells treated with doxorubicin.
In untreated K562 cells, numerous small vesicles could be
seen in the lumen of the MVBs (Fig. 6a). Cells treated with a
short, 1-h pulse of 1 to 10 mM doxorubicin contained MVBs
with morphologies similar to the control, but with several
slightly enlarged intralumenal vesicles (Fig. 6b, c). Cells
pulsed for 24 h with 0.5 mM doxorubicin (Fig. 6d), and cells
pulsed with 100 mM doxorubicin for 1 h (Fig. 6e) both
exhibited enlarged intralumenal vesicles of varying size in the
MVBs. Furthermore, the MVBs assumed irregular morphol-
ogies and sometimes appeared as multilamellar structures
(data not shown). Counting the frequency of MVBs revealed
an increase in the number of cells containing MVBs and the
number of MVBs per cell (Fig. 6f) after doxorubicin treatment.
In comparison, the number and morphology of other organ-
elles remained largely unaffected (data not shown). Thus,
doxorubicin exposure appeared to exert specific effects on
MVBs consistent with drug accumulation in the organelle.

NH4Cl Inhibits Cytoplasmic Doxorubicin Sequestration,
But Not Efflux from the Nucleus

NH4Cl is a lysosomotropic, membrane-permeant weak
base that serves as a proton-shuttle, dissipating transmem-
brane pH gradients and thus raising lumenal endo-lysosomal
pH (20). By this mechanism, NH4Cl inhibits sequestration of
weakly basic molecules in lysosomes and is commonly used
to test the role of ion-trapping in drug sequestration in acidic
organelles (21–23). To determine if ion-trapping in acidic
vesicles is a mechanism of doxorubicin sequestration in K562

cells, K562 cells were pulsed with 10 mM doxorubicin for
1 h and labeled with the control molecule Lysotracker Green
(LTG) (24) after 2 h of efflux time. Confocal microscope
images showed colocalization of the drug and LTG in
cytoplasmic vesicles, indicating that doxorubicin accumulated
in acidic compartments (Fig. 7a). When the experiment was
carried out in the presence of NH4Cl, cytoplasmic sequestra-
tion of doxorubicin and LTG was markedly decreased. To
compare the effect of NH4Cl on nuclear efflux of drug, cells
were pulsed with doxorubicin and then incubated in drug-
free media with and without 10 mM NH4Cl for 4 h. Both
control cells and NH4Cl-treated cells demonstrated a similar
loss in nuclear doxorubicin (Fig. 7b). Thus, despite inhibiting
drug sequestration, NH4Cl treatment did not significantly
affect nuclear drug efflux.

Extraction of Intracellular Membranes, But Not Plasma
Membrane Permeabilization, Inhibits Nuclear Efflux
of Doxorubicin

The effects of plasma membrane permeability and
cytoplasmic membranes in nuclear efflux were investigated
in cells treated with digitonin and Triton X-100. In the
control cells, both the plasma membrane and cytoplasmic
membranes were intact, resulting in the sequestration of
doxorubicin and LTG in cytosolic vesicles and exclusion of
Trypan Blue (Fig. 8a). Digitonin permeabilized the plasma
membrane, allowing for Trypan Blue staining, but preserved
the integrity of the internal membranes so that Lysotracker
still accumulated intracellularly (Fig. 8a). Neither LTG nor

Fig. 5. Doxorubicin-containing vesicles of K562 cells fuse with the plasma membrane. Confocal images of

doxorubicin and FM1-43 in K562 cells 8 hours after a 1-hour 100 mM drug pulse. The cells were briefly

incubated with FM1-43 to selectively label the plasma membrane and any membraneous compartments

exposed to the extracellular medium. The left column shows FM1-43 distribution. The middle column

shows doxorubicin localization. The right column is an overlay of these two images. a A cell containing a

doxorubicin and FM1-43 labeled vesicle in the cytoplasmic side of the plasma membrane (single asterisk).

b A cell containing two doxorubicin and FM1-43 labeled vesicles in the extracellular side of the plasma

membrane (double asterisk). Note that several vesicles in the cytoplasm are labeled with doxorubicin

alone, as FM1-43 is largely confined to the plasma membrane.
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doxorubicin became sequestered in cytosolic compartments
after digitonin treatment, which was not surprising since
permeabilizing the plasma membrane would be expected to
induce leakage of intracellular ATP. Without ATP, the H+-
ATPase maintaining the acidic pH of endo-lysosomal vesicles
would not function. In contrast, Triton X-100 extraction
removed all the cytoplasmic cellular membranes so that
neither doxorubicin nor LTG fluorescence was visible
outside the nucleus (Fig. 8a). Nuclear efflux of drug in intact
cells and permeabilized cells were compared (Fig. 8b). After
a 1-h 100 mM drug pulse and 8 h under efflux conditions,
Triton-extracted cells lost significantly less doxorubicin (p
value < 0.002) than intact or digitonin-permeabilized cells.
Intact cells and digitonin-extracted cells exhibited a loss of 35–
40% of the initial nuclear drug mass, while Triton-extracted
cells lost less than 20% of the nuclear doxorubicin acquired
during the pulse period. The difference in nuclear efflux
between Triton- and digitonin-permeabilized cells suggested
that intracellular membranes may facilitate nuclear efflux. The
similar rate of drug egress in intact and digitonin-extracted cells
indicated that soluble cytosolic components such as ATP, which
would be released following plasma membrane perforation,
may not be essential for rapid nuclear efflux to occur.

K562 Cells Bind More FM1-43 to Cytoplasmic Membranes
than CCRF-CEM Cells, But Binding is Comparable
Between K562 and Molt4 Cells

K562, Molt4, and CCRF-CEM cells were permeabilized
using digitonin and then incubated with FM1-43 to assess

cytoplasmic membrane content. The extent of FM1-43
binding to membranes was examined using confocal micros-
copy and a fluorescence imager to quantitate fluorescence
intensity (Fig. 9). The cytoplasmic membrane mass stained
with FM1-43 was visibly larger and brighter in K562 and
Molt4 cells compared to CCRF-CEM (Fig. 9a). The intensity
of FM1-43 fluorescence per cell was determined to be
comparable in K562 and Molt4 cells (Fig. 9b), however the
amount of FM1-43 bound to CCRF-CEM cells was signifi-
cantly lower (p value < 6.0E-9). That CCRF-CEM cells
exhibit the least FM1-43 staining is consistent with the slow
rate of nuclear drug efflux and increased sensitivity to
doxorubicin observed for this cell line.

K562 and K562/Dox Cells Exhibit Similar Rates of Nuclear
Efflux of Doxorubicin

Nuclear efflux of doxorubicin in K562 and the drug-
resistant sub-line K562/Dox cells were compared to deter-
mine the potential role of the drug transporter P-glycoprotein
(P-gp) in nuclear efflux (Fig. 10). P-gp is highly induced in
K562/DOX cells, with 600-fold greater expression of MDR1
mRNA compared to K562 cells (25). At 37-C, K562/DOX
cells accumulate much less doxorubicin in the nucleus,
compared to the parent cell line (data not shown). Therefore,
to measure nuclear efflux of doxorubicin, K562 and K562/
DOX cells were pulsed with doxorubicin for 1 h at 4-C, to
inactivate P-gp and allow for comparable starting concen-
trations of drug in the nucleus in both cell types (Fig. 10b).
Following the pulse, cells were incubated at 37-C to allow for

Fig. 6. Doxorubicin induces morphological changes in MVBs of K562 cells. Electron micrographs at

5,800�magnification (left panel) and a representative MVB from each cell at 13,500�magnification (right

panel), after: a no treatment; b a 1-h 1 mM drug pulse and 8-h efflux period; c a 1-h 10 mM drug pulse and

8-h efflux period; d A 24-h 0.5 mM drug pulse; e a 1-h 100 mM drug pulse and 8-h efflux period;

f quantitative summary of microscopic observations indicate how doxorubicin increases both the number

of MVBs per cell and the fraction of cells with MVBs.
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recovery of normal cell function. Confocal images taken of
isolated nuclei showed similar levels of doxorubicin fluores-
cence intensity in both K562 and K562/DOX cells before and
after the efflux period (Fig. 10a). After 4 h under efflux
conditions, K562 and K562/DOX cells lost comparable
amounts of nuclear drug, with both cell types exhibiting a

significant loss (p value < 0.003) of 45–55% of the starting
doxorubicin mass (Fig. 10b). The similar rates of nuclear
egress in K562 and K562/DOX cells suggest that differences
in plasma membrane permeability (or drug transporter over-
expression) do not account for differences in the rates of drug
efflux from the nucleus.

DISCUSSION

The Pathway of Drug Efflux from the Nucleus Varies
in Cells Differentially Sensitive to Doxorubicin

Generally, the sensitivity of cancer cells to anticancer
agents is assessed in the presence of a constant extracellular
drug concentration (26). The extent to which these methods
of assaying anticancer drug activity are relevant to the
activity of anticancer drugs in vivo might depend on whether
clearance of extracellular drug is a factor affecting the
response of tumor cells to anticancer agents. Once an
anticancer drug is injected into the bloodstream, its concen-
tration steadily decreases. For example, doxorubicin once
injected intravenously distributes rapidly and extensively into

Fig. 7. Increasing vesicular pH abolishes drug sequestration in K562

cells, but nuclear efflux can still occur. a Confocal images of

doxorubicin and Lysotracker Green localization in cells following a

1-h 100 mM drug pulse and 2 h efflux. The left column shows control

cells and the right column shows cells that were incubated with 10 mM

NH4Cl following the pulse. The top row shows Lysotracker distribu-

tion. The middle row shows doxorubicin localization. The bottom row

is an overlay of these two images. b Percentage of the initial drug mass

remaining in the nucleus after a 1-h 100 mM drug pulse and 4 h under

efflux conditions in the presence and absence of 10 mM NH4Cl. Data

are the means of three experiments T SEM.

Fig. 8. Nuclear efflux of drug is inhibited by extraction of intracel-

lular membranes, but not permeabilization of the plasma membrane.

a Images of doxorubicin, Lysotracker Green (LTG), and Trypan

Blue localization in intact cells and cells permeabilized with digitonin

and Triton. The left column shows LTG localization, the middle

column shows doxorubicin distribution, and the right column shows

Trypan Blue staining. The top row shows control, unpermeabilized

cells. The middle row shows Triton-extracted cells, and the bottom

row shows digitonin-extracted cells. b Percentages of the initial

nuclear drug mass remaining after a 100 mM drug pulse and 8 h under

efflux conditions. Data are the means of six experiments T SEM. The

double asterisk denotes statistical significance (p value < 0.002).
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tissues (27). The remaining free drug is metabolized by the
liver, eliminated by biliary excretion, and bound to plasma
proteins (28). Previous studies have shown that less than 2%
of the injected doxorubicin dose accumulates in tumors
(29,30). Thus, systemic drug concentrations seldom remain
constant after drug administration.

In the present study, the response of several human
leukemic cell lines to anticancer agents was monitored in
pulse-chase experiments. Under these conditions, K562 cells
are less sensitive to doxorubicin than Molt4 or CCRF-CEM
cells (Fig. 1). One possible explanation for this difference
could be that K562 cells accumulate less doxorubicin in the
nucleus during the pulse period. However, doxorubicin
uptake during the pulse period is actually greatest in K562
cells (Fig. 2a). Most importantly, the nuclear doxorubicin
content decreases in K562 cells during the chase period,
while it stays almost constant in other cell lines (Fig. 2b). This
suggests a facilitated nuclear efflux pathway in K562 cells.
Interestingly, of the three cell lines, K562 are the only cells
that visibly sequester doxorubicin in cytoplasmic vesicles
(Fig. 3), indicating that cell viability, rapid nuclear efflux and
drug sequestration in cytoplasmic vesicles may be related.

One can hypothesize that, as doxorubicin unbinds from
DNA in K562 cells, free doxorubicin diffuses to the
cytoplasm, where it immediately binds to membranes, by
nonspecific absorption. More gradually, it becomes seques-
tered into an acidic, late endo-lysosomal compartment such
as an MVB. Inside MVBs are exosomes, membranous
vesicles that are actively secreted by K562 cells through the
fusion of MVBs with the plasma membrane (17). Shed
vesicles have previously been implicated as a mechanism of
doxorubicin expulsion from cancer cells (31). At acidic pH,
doxorubicin is positively charged so it can absorb to
negatively charged phospholipids of the exosome membrane,
through both hydrophobic partitioning and electrostatic

interaction (32,33). Incubating cells with NH4Cl, an agent
that raises lysosomal pH by dissipating pH gradients across
membranes, abolishes sequestration of doxorubicin in MVBs
(Fig. 7a). In MVBs, doxorubicin sequestration into MVBs
may be driven by a combination of ion-trapping of the
protonated form of the drug, together with adsorption of
doxorubicin molecules to the inner membranes of the multi-
vesicular or multilamellar body. This dual mechanism may
explain why the concentration of doxorubicin in an endo-
lysosomal compartment may be greater than expected from a
purely ion-trapping mechanism (34).

Consistent with doxorubicin sequestration in MVBs, the
number and morphology of MVBs change in cells incubated
with the drug (Fig. 6). It is possible that doxorubicin
sequestration alters organelle morphology by interfering with
the mechanism that leads to the invagination of the MVB
membrane (35) or by binding to exosomes (31). Multi-
lamellar organelles have been observed in other cell types
exposed to weakly basic, lysosomotropic drugs, a phenotype
referred to as drug-induced phospholipidosis (36). Electron
microscopy and colocalization of doxorubicin fluorescence
with VPS4a-GFP (a GFP-tagged protein that marks MVBs)
constitute additional evidence that doxorubicin accumulates
in MVBs of K562 cells (12).

Fig. 9. K562 and Molt4 cells have significantly greater cytoplasmic

membrane content than CCRF-CEM cells. a Images of FM1-43 labeled

intracellular membranes in digitonin-permeabilized cells. b FM1-43

fluorescence intensity per cell measured using a fluorescence imager.

Data are the means of four experiments T SEM. The double asterisk

denotes statistical significance (p value < 6.0E-9).

Fig. 10. K562 and K562/DOX cells exhibit similar rates of nuclear

efflux of drug. a Images of doxorubicin fluorescence in nuclei isolated

from K562 and K562/DOX cells following a 100 mM drug pulse at 4-C,

before and after 4 h under efflux conditions at 37-C. b Nuclear drug

mass per cell immediately following the doxorubicin pulse and 4 h post

wash-out of drug. Data are the means of three experiments T SEM.

The double asterisk denotes statistical significance (p value < 0.003).
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In K562 cells double-labeled with doxorubicin and a
brief pulse of the styryl dye FM1-43, doxorubicin-sequestered
organelles in close proximity to the plasma membrane
became labeled with FM1-43, while the organelles deep
inside the cell were unlabeled (Fig. 5). This indicates that
doxorubicin-loaded MVBs near the plasma membrane may
actually fuse with the plasma membrane and release their
contents to the extracellular medium. In independent studies,
multivesicular bodies have also been reported to undergo
plasma membrane fusion (37,38). Prolonged incubation
allows for the endocytosis of FM1-43, and colocalization of
doxorubicin and FM1-43 further supports that the drug is
sequestered in endocytic compartments (Fig. 4).

ATP-Dependent Mechanisms Do Not Account
for Facilitated Nuclear Efflux of Doxorubicin in K562 Cells

Evidence for a facilitated drug efflux mechanism from
the nucleus of K562 cells first came from experiments
indicating that the amount of doxorubicin associated with
the nuclei of K562 cells decreased at a faster rate in living
cells than in isolated nuclei (12). Comparing the doxorubicin
content of Molt4 and CCRF-CEM cells with that of K562
cells pulsed with drug and then chased in drug-free medium
indicates differences in the rate at which doxorubicin exits
the nucleus in different cell lines (Fig. 2). We hypothesized
the existence of a nuclear drug efflux mechanism upregulated
in K562 cells. As a topoisomerase II inhibitor, the interaction
of doxorubicin with DNA is directly involved in the drug_s
primary mechanism of action. Therefore, a specific mecha-
nism facilitating drug unbinding from DNA in K562 cells
might also explain the observed differences in cell viability in
the different cell lines (Fig. 1).

Although K562 was the only cell line of the three that
visibly sequestered doxorubicin in cytoplasmic organelles
(Fig. 3), abolishing sequestration through the pH-dependent,
ion-trapping mechanism did not inhibit the rate of drug efflux
from the nucleus (Fig. 7b). This indicates that a nuclear efflux
mechanism able to operate independently of MVB seques-
tration may serve to facilitate efflux, which is consistent with
reports of other cellular components acting upstream from
MVBs to mediate drug transport between the nucleus and
cytoplasm (39,40). Probing other ATP-dependent biological
mechanisms that could potentially affect the rate of nuclear
efflux, we found that although nuclear uptake of doxorubicin
in P-gp overexpressing K562/DOX cells is reduced relative to
the parent K562 cells, the rate that doxorubicin exits the
nucleus in K562 and drug-resistant K562/DOX cells is
comparable (Fig. 10). Therefore, while P-gp can keep
doxorubicin from entering the cell, perhaps by preventing
plasma membrane associated molecules from diffusing into
the cytosol, its effect on drug clearance from the nuclear site
of action is minimal.

ATP-Independent, Rapid Nuclear Efflux Occurs
in Digitonin-Permeabilized K562 Cells

From experiments comparing the nuclear efflux rate in
digitonin-permeabilized cells to intact cells, it appears that an
ATP-independent mechanism may facilitate drug egress from
the nucleus of K562 cells (Fig. 8). Although plasma mem-

brane permeabilization should allow for efflux of ATP and
other small molecules from the cell (also making them per-
meable to Trypan Blue in the extracellular buffer; Fig. 8),
nuclear egress of drug in such cells was comparable to that of
intact, viable cells. This indicated that differences in nuclear
efflux rates in different cell lines may be influenced by
physicochemical variables affecting doxorubicin unbinding
from DNA or diffusion out of the nucleus. Digitonin-
extracted cells retain their cytoplasmic membranes, as
evident from their ability to bind the lipophilic styryl dye
FM1-43 (Fig. 9). In contrast, Triton-extracted cells are devoid
of cytoplasmic membranes (evident from reduced FM1-43
binding (data not shown) and lack of LTG staining; Fig. 8).
Triton-extracted cells exhibited significantly slower nuclear
efflux of drug than digitonin-permeabilized cells. The rate of
nuclear efflux in digitonin-permeabilized cells demonstrates
that cell viability is not essential for rapid drug transport out
of the nucleus, and that nuclear egress can occur even when
ATP has leaked out from the cell. The inhibition of drug
efflux from the nucleus following Triton X-100 extraction
suggests a role for cytoplasmic membranes in facilitating
diffusion of drug away from the nucleus.

One possible explanation for the difference in the rate at
which drug unbinds from the nucleus in the presence and
absence of perinuclear membranes may directly involve the
depletion of free doxorubicin molecules from the nuclear
vicinity by nonspecific drug absorption to membranes
(32,33). As doxorubicin molecules unbind from DNA, a
diffusion boundary layer of doxorubicin molecules can form
around the nucleus and slow down the rate of drug unbinding
from DNA, by providing a high local concentration of free
drug molecules around the DNA that would drive the
forward reaction of the drug-DNA interaction. The observa-
tion that nuclear efflux occurs at a similar rate in K562 cells
when cytoplasmic membranes are intact (even when drug
does not become compartmentalized into MVBs) suggests
that drug absorption to membranes may be sufficient to
facilitate nuclear efflux. Therefore, although ion-trapping of
doxorubicin in MVBs may contribute to depletion of free
drug molecules in the cytosol and their excretion via an
exocytic mechanism, it may not be the primary mechanism
facilitating nuclear efflux.

The question remains whether differences in cytoplasmic
membrane content explain differences in nuclear efflux rates
amongst leukemic cell lines. K562 cells differ from CCRF-
CEM cells in their cytoplasmic membrane content and
display significantly more FM1-43 binding (Fig. 9). Together
with differences in nuclear surface area due to a larger size of
K562 cells (data not shown), this may help to explain the
faster rate of nuclear egress of drug in K562 vs CCRF-CEM
cells. However, K562 and Molt4 cells do not have obvious
differences in perinuclear membrane content or in cell size
that could explain the differences in nuclear efflux rates.
Thus, there must be another explanation for the slower rate
of drug efflux from the nuclei of Molt4 cells.

CONCLUSION

To our knowledge, the present study is the first to
consider mechanisms potentially facilitating doxorubicin
efflux from the nucleus in relation to differences in cell
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viability following extracellular drug clearance. Our observa-
tions support the existence of a facilitated nuclear drug efflux
pathway in K562 cells, relative to other leukemic cell lines.
We hypothesize that this mechanism may be partly respon-
sible for promoting the viability of K562 cells exposed to
doxorubicin, as the ability of cells to clear nuclear doxorubi-
cin would most certainly promote their survival after drug
exposure. Only in K562 cells is doxorubicin visibly seques-
tered in organelles, forming MVBs that may facilitate cellular
drug clearance. However, inhibiting MVB sequestration with
ammonium chloride—or plasma membrane permeabilization
with digitonin—did not slow down drug egress from the
nucleus, supporting an ATP-independent, diffusion mecha-
nism primarily responsible for facilitating doxorubicin efflux.
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