
Research Paper

The Role of the VPS4A-Exosome Pathway in the Intrinsic Egress Route
of a DNA-Binding Anticancer Drug

Vivien Y. Chen,1 Maria M. Posada,1 Levi L. Blazer,1 Tong Zhao,1 and Gus R. Rosania1,2

Received March 6, 2006; accepted April 18, 2006

Purpose. This study investigates the subcellular pharmacokinetics of drug efflux in cancer cells and

explores the role of the multivesicular body (MVB) in facilitating efflux of doxorubicin, a widely used

DNA-targeting anticancer agent, from the nucleus.

Methods. Human erythroleukemic K562 cells were pulsed with doxorubicin and then chased in drug-free

media to allow for efflux. Microscopy and biochemical techniques were used to visualize the subcellular

localization of the drug and measure drug content and distribution during the efflux period. To explore

the role of the MVB in doxorubicin efflux, K562 cells were transfected with dominant negative mutant

forms of VPS4aYGFP chimeras.

Results. Although the intracellular concentration of drug exceeds the extracellular concentration,

nuclear efflux of doxorubicin occurs in living cells at a faster rate than doxorubicin unbinding from

isolated nuclei into drug-free buffer. In cells expressing dominant negative VPS4a, doxorubicin

accumulates in VPS4a-positive vesicles and drug sequestration is inhibited, directly implicating the

MVB pathway in the egress route of doxorubicin in this cell type.

Conclusions. Cellular membranes are a component of the doxorubicin efflux mechanism in K562 cells.

Dominant-negative GFP chimeric mutants can be used to elucidate the role of specific membrane

trafficking pathways in subcellular drug transport routes.

KEY WORDS: cancer; doxorubicin; exosome; multivesicular body; nuclear efflux; subcellular transport;
VPS4.

INTRODUCTION

Understanding drug transport mechanisms in tumor cells
is crucial for developing anticancer agents with increased
efficacy. Drug transport mechanisms are involved in multidrug
resistance (MDR). MDR can be acquired or intrinsic: ac-
quired MDR is due to mutations that confer cellular resistance
to cytotoxic agents; intrinsic MDR is due to cell type-depen-
dent and epigenetic differences in cellular responsiveness to
chemotherapeutic agents (1). Upon exposure to chemother-
apeutic agents, surviving resistant cells become the dominant
cell population through clonal expansion. As a consequence,
both intrinsic and acquired MDR mechanisms can conspire
to render tumors refractory to treatment.

MDR is often associated with increased expression and
activity of drug transporters that facilitate translocation of

small molecule drugs across the plasma membrane (2). How-
ever, the actual MDR mechanism is multifactorial, with
several different pathways acting together to promote cell
survival upon exposure to cytotoxic agents (3). For example,
in addition to their localization at the plasma membrane, drug
transporters are also present in the membranes of cytoplasmic
vesicles (4Y6). Here, they can facilitate drug sequestration
away from their site of action.

Doxorubicin is a clinically useful anticancer agent whose
efficacy is often compromised by MDR mechanisms. Doxo-
rubicin intercalates into nuclear DNA and prevents the repair
of strand breaks by interfering with the activity of topoisom-
erase II, a DNA-unwinding enzyme (7). Doxorubicin is a sub-
strate for drug transporters such as P-glycoprotein and
Multidrug Resistance Protein 1 (8,9). Doxorubicin also accu-
mulates in acidic cytoplasmic vesicles of cancer cells by active
and passive transport mechanisms (10). The intrinsic fluores-
cence of doxorubicin and related anthracycline drugs have
made them useful for studies of drug localization in resistant
and sensitive cells (11Y13).

As a hypothesis, the multivesicular body (MVB) could
be involved in efflux of doxorubicin from its nuclear site-
of-action. This hypothesis can be tested using K562 human
erythroleukemic cells as an experimental model. K562 cells
exhibit a significant level of intrinsic resistance to various
anticancer agents, yet have low expression of known doxoru-
bicin efflux transporters (14). K562 cells have an active and
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well-characterized endocytic trafficking pathway with prom-
inent MVBs (15). In these cells, the intralumenal vesicles of
MVBs are released extracellularly as exosomes through
fusion of MVBs with the plasma membrane (16,17). MVBs
are acidic organelles, as are lysosomes.

Doxorubicin is a weak base with a pKa near neutrality
that is prone to accumulating in acidic organelles as a result
of pH-dependent ion trapping and membrane binding (18).
Treatments that abolish the pH gradient result in drug efflux
from acidic vesicles into the nucleus (10). In drug-resistant
ovarian cancer cells, the anticancer drug cisplatin traffics to
the extracellular medium via the MVB-exosomal pathway
(19). Exosomes from drug-resistant ovarian cancer cells ex-
port more drug than from sensitive cells (19), suggesting that
the intrinsic MVB-exosomal transport pathway may be up-
regulated in cells with the acquired MDR phenotype. Like
cisplatin, doxorubicin could be released in complex with exo-
some-like membrane vesicles shed by cancer cells into extra-
cellular medium (20).

Vacuolar Protein Sorting 4a (VPS4a) is a protein involved
in the budding of exosomes and is essential for MVB forma-
tion (21,22). Transfection of cells with dominant negative
VPS4a inhibits MVB-dependent membrane traffic (23Y25).
By transfecting K562 cells with VPS4a dominant-negative
constructs, we explored how the MVB-exosome membrane
trafficking mechanism is involved in doxorubicin’s nuclear
egress route.

MATERIALS AND METHODS

Cell Culture

K562 cells (ATCC, Manassas, VA) were maintained in
tissue culture medium (RPMI supplemented with 10% FBS
and 1% penicillin/streptomycin at 37-C with 5% CO2). All
experiments were done with cells in logarithmic growth phase
(0.2 j 1 � 106 cells/ml).

Efflux Experiments

Cells were pulsed with 100 mM doxorubicin (Bedford
Laboratories, Bedford, OH) in RPMI for 2 h, unless indi-
cated otherwise. Cells were washed twice with fresh tissue
culture medium and chased in drug-free tissue culture medium
for 0 to 8 h.

Microscopy

Cell suspensions (100 ml) were transferred to glass-bottom
96-well plates (Greiner Bio-One, Longwood, FL). Using a
Nikon 2000S inverted microscope and 100� oil immersion
objective for epifluorescence microscopy, images were ac-
quired with a CCD camera (Roper Scientific, Tucson, AZ)
with the standard epifluorescence mercury bulb illumination
and a triple-pass DAPI/FITC/Texas Red beamsplitter/emis-
sion filter combination (Chroma Technology, Rockingham,
VT). Doxorubicin (red emission) and GFP (green emission)
were simultaneously visualized using the FITC excitation
filter. For confocal microscopy, cells were monitored with an
Olympus FV-500 microscope using a 100� oil immersion

objective. An Argon laser (488 nm) illumination was used to
acquire images of GFP, and a HeNe Green laser (543 nm)
illumination was used to acquire images of doxorubicin, in two
separate detection channels. Quantitative image analysis was
performed with Metamorph software (Molecular Devices
Corporation, Sunnyvale, CA). For electron microscopy,
K562 cells were washed twice with serum-free media, incu-
bated 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. 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
ethanol: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 magni-
fications from 3,600 to 130,000�. For all microscopy experi-
ments, more than 20 cells were photographed for each
experimental condition, and cells selected to be representa-
tive of their respective groups were included in the figures.

Image Processing

For epifluorescence microscope images, gamma was
adjusted to 1.0 (linear signal-intensity relationship), and
contrast was adjusted so that the maximum pixel signal was
256 (white) and background was 0 (black). For confocal mi-
croscopy, green and red channels were independently adjusted
based on the amount of labeling of each cell, so as to best
visualize the localization of GFP and doxorubicin signal in the
cytoplasm. RGB color overlays were created with Adobe
Photoshop from separate greyscale images, with the doxoru-
bicin image in the R channel; GFP image in the G; and black
fill in the B.

Doxorubicin Mass Measurements

To measure doxorubicin content, cells were incubated in
a solution of 1% Triton in water. As observed using fluo-
rescence microscopy, Triton X-100 treatment removed doxo-
rubicin fluorescence from cytoplasmic structures, with any
remaining doxorubicin fluorescence in association with nuclei.
Following extraction, 100 ml samples containing 4 to 6 � 105

cells were transferred to individual wells in 96-well plates,
and data was acquired with a Typhoon 9200 fluorescence
scanner (Amersham Biosciences, Piscataway, NJ). Doxo-
rubicin fluorescence was captured with green laser illumi-
nation (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.
Doxorubicin mass in each well was calculated using a
standard curve. The total number of cells in each well was
calculated using standard curves made by varying numbers of
cells stained with Syto. In each well, dividing the total mass of
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doxorubicin by the number of nuclei yielded the mass of
doxorubicin per cell. In validation experiments, we established
that the integrated fluorescence intensity and total doxo-
rubicin mass exhibited a linear relationship across the range of
experimental measurements, and that measurements were
comparable before and after digesting the DNA and proteins
in the samples using DNase I and proteinase K. To confirm
that total doxorubicin mass and fluorescence were conserved
during the time course of the experiment, two separate mea-
surements were performed: 1) measuring the mass of doxo-
rubicin released from the cells into the surrounding media
and 2) measuring the mass of doxorubicin in the cells. These
two measurements corresponded to each other as expected
from mass balance, with the drug lost from cells being equiv-
alent to the doxorubicin gained in the extracellular medium
(data not shown).

Compartmental Analysis

The mass of drug in different subcellular compartments
(total, membrane, aqueous, and nuclear doxorubicin) was
defined by measuring the mass of drug in different subcellu-
lar fractions following biochemical extractions. For quantify-
ing the mass of drug associated with cell nuclei, membrane
and freely soluble doxorubicin were extracted by incubating
cells in 1% Triton 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 10 min,
with aqueous and membrane doxorubicin fractions remaining
in the supernatant. The nuclear pellet was checked using fluo-
rescence microscopy to confirm that most (>95%) of the cells
had been permeabilized. Nuclear pellets were washed twice
and resuspended in buffer by vortexing. Nuclear doxorubicin
was quantitified by resuspending the nuclei, measuring the
associated doxorubicin fluorescence, and relating the doxo-
rubicin fluorescence to doxorubicin mass with the aid of a
standard curve. Total mass of dox was divided by the total
number of nuclei in suspension, as determined using a Syto
staining and a nuclear standard curve, to calculate the total
mass of drug per nucleus. For quantifying the mass of aqueous,
freely soluble doxorubicin, cells were hypotonically burst by
placing them in ddH2O for 20 min. After the burst, insoluble
cell debris was separated by centrifugation at 1,000 � g, with
freely soluble doxorubicin released in the supernatant. For
measurement of aqueous doxorubicin, supernatants had to be
pooled and concentrated by lyophilization, because the mass
of free drug was very small.

Binding Assay

Intact cells and isolated nuclei were pulsed for 2 h with
100 nMY500 mM dilutions of doxorubicin in RPMI. After the
pulse, nuclei from viable cells were isolated by extraction
with 1% Triton X-100 in intracellular buffer, centrifuging the
nuclei at 1,000 rpm. Nuclear pellets were washed twice in
intracellular buffer. The pellet was then resuspended and total
mass of nuclear-associated doxorubicin measured. Dose-de-
pendent binding relationships were analyzed by non-linear
curve fitting with SigmaPlot software (Systat, Point Richmond,
CA).

Plasmids and Transfection

GFPYVPS4a EQ and KQ constructs were gifts from Dr.
Wesley Sundquist (University of Utah, Salt Lake City, UT).
K562 cells were plated at a density of 4 � 105 cells/ml in 25
cm2 cell culture flasks the day of transfection. Cells were
transfected using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol 24 h prior to
analysis.

Nuclear Efflux from Transfected Cells

Transfected cells were pulsed with 100 mM doxorubicin
for 2 h, and then chased in drug-free medium for up to 8 h.
To measure nuclear doxorubicin fluorescence, cells were ex-
tracted with 0.1% Triton in intracellular buffer for 15 min
and then washed with fresh intracellular buffer. Images were
acquired with the epifluorescence microscope, and the doxo-
rubicin fluorescence intensities of background-subtracted
images were quantified by manually outlining the nuclear pe-
rimeter so as to measure the average pixel intensity associated
with each nuclear region. For cell population analysis, the cells
were binned into percentiles, according to their nuclear inten-
sities. The frequency for each percentile was normalized with
the highest frequency value for each cell population set to 1.

Statistical Analysis

The mean and S.E.M. for each experiment was calculat-
ed from three separate experiments. To determine statistical
significance, a one-tailed homoscedastic t-test was performed
to calculate the P value.

RESULTS

Evidence that a Physiological Mechanism Facilitates
Doxorubicin Efflux from the Cell’s Nucleus

First, the rate of doxorubicin efflux from isolated nuclei
was compared to the rate of efflux from nuclei in living cells.
K562 cells were pulsed with doxorubicin and then chased for
up to 8 h in drug-free medium to allow for drug efflux. For
comparison, some samples were extracted with detergent im-
mediately after the drug pulse, and the extracted nuclei were
incubated in drug-free buffer for 8 h. We found that doxo-
rubicin unbinding from nuclei in living cells was faster than
from the corresponding detergent-extracted nuclei (Fig. 1A).
After 8 h of efflux, drug content in nuclei of living cells was
44% lower than at the beginning of efflux. In comparison, the
drug content in isolated nuclei was only 29% lower.

Doxorubicin Unbinding from Nuclei Occurs in the Presence
of Intracellular Doxorubicin at High Concentrations

Remarkably, egress of doxorubicin from nuclei in living
cells occurs readily, although a significant amount of
doxorubicin remains inside the cell. Doxorubicin was detected
fluorometrically, after cells were burst in hypotonic media and
then incubated in detergent containing buffer to permeabilize
cells and extract all membranes and proteins. As controls, we
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directly established mass balance between the doxorubicin
missing from cells and the drug measured in the extracellular
medium (data not shown). Also, doxorubicin fluorescence was
minimally affected by DNase and proteinase K digestions
(data not shown), indicating that the fluorescence signal could
be used as an indicator of drug mass. Measuring total drug
mass within the cells immediately after the pulse, there were
0.0017 pmol of doxorubicin per cell. Of this, 0.0010 pmol were
present in association with each nucleus. During efflux, total
cellular doxorubicin decreased gradually, at a rate of õ6%
(0.0001 pmol) per hour. Using an estimation of K562 cell vol-
ume of 4000 mm3 (26), the intracellular concentration of drug
was 450 mM immediately following the 100 mM drug pulse, and
it decreased gradually at õ7% per hour (Fig. 1B) during the ef-
flux period. Thus, not only is doxorubicin concentrated inside
the cell relative to the extracellular medium, but most impor-
tantly, doxorubicin dissociates from the nucleus even though
the intracellular doxorubicin concentration remains higher than
the extracellular concentration used to pulse the cells.

Cytoplasmic Doxorubicin is Mostly Associated
with Membranous Vesicles and Becomes
Increasingly Sequestered during Efflux

Fluorescence microscopy was used to image cells after 0,
4 and 8 h under efflux conditions (Fig. 2A). The intensity of
doxorubicin fluorescence in the nucleus became increasingly
dim over time as compared to the cytoplasm. The decrease in
nuclear doxorubicin fluorescence paralleled the decrease in
the mass of doxorubicin in the nucleus, measured biochem-
ically. In the cytoplasm, doxorubicin fluorescence was local-

ized in vesicles, which became more numerous and bright during
the course of the efflux period.

To confirm that doxorubicin fluorescence was associated
with organelles, GFP was used as a cytosolic marker. K562
cells were transfected with GFP vector, and confocal micros-
copy was used to visualize GFP and doxorubicin fluorescence
accumulating in different parts of the cell (Fig. 2B). To
measure the fraction of freely soluble cellular doxorubicin,
cells were placed in water to induce cells to swell and burst,
allowing exit of freely soluble drug from the cell. The hypo-
tonic burst method not only released the freely soluble doxo-
rubicin from the cytosol, but also released any soluble drug
trapped in vesicles, as well as doxorubicin that became un-
bound during the isolation period. Thus, any measure of
doxorubicin released would overestimate the amount of drug
actually present in the cytosol of cells. Despite these caveats,
the amount of free drug in the cytosol was determined to be
less than 10% of the total cellular doxorubicin (Fig 2C). In
comparison, the mass of drug released by detergent extrac-
tion was approximately 47% of the total doxorubicin per cell,
consistent with most of the cytosolic doxorubicin being asso-
ciated with or trapped by membranes.

Fig. 2. Cytoplasmic doxorubicin becomes increasingly sequestered in

vesicles during efflux. (A) Fluorescence microscopy images of K562

cells after 0, 4, and 8 h efflux periods. The N denotes the nucleus, and

the C denotes the cytoplasmic region. (B) Confocal microscopy im-

ages of cells transfected with a GFP vector and then pulsed with

doxorubicin after 4 (top row) and 8 h (bottom row) efflux. The left

column shows GFP distribution. The middle column shows doxoru-

bicin localization. The right column is an overlay of these two images.

(C) The mass of doxorubicin per cell in different subcellular fractions

at the end of the pulse period.

Fig. 1. Efflux of doxorubicin from the nucleus occurs more rapidly in

living cells than from isolated nuclei, despite high intracellular drug

concentration. (A) The percent of nuclear doxorubicin remaining in

living cells (solid squares) and isolated nuclei (open squares) during

the efflux period, measured biochemically. The drug mass per iso-

lated nuclei was significantly higher ( p < 0.005; t-test) than in the

nuclei from viable cells after 4 and 8 h of efflux. (B) The total cellular

doxorubicin concentrations during the efflux period, measured

biochemically. The loss of drug after 4 and 8 h of efflux was sig-

nificant ( p < 0.005; t-test). Data are the means of three experiments T
S.E.M.
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Cytoplasmic Sequestration of Doxorubicin does not Hinder
Nuclear Access or Affect the Total Number of Binding
Sites, But May Affect the Apparent Affinity
of Doxorubicin for DNA

The nuclear volume of K562 cells is approximately 500
mm3, based on our microscopic observation and previous
findings (27). Accordingly, doxorubicin concentration in the
nucleus was 1.8 mM immediately following a 100 mM doxo-
rubicin pulse (Fig. 3A). The apparent binding affinities for
doxorubicin and DNA in living cells and isolated nuclei were
established after incubating cells and isolated nuclei with
varying concentration of doxorubicin (Fig. 3B). The dose-
binding data was fit using a one-site saturation equation of
y = [BMax * x]/[KD + x]. At saturation, maximal binding was
0.0054 pmol of doxorubicin per nucleus in living cells and
0.0055 pmol in isolated nuclei. Approximately, this cor-
responds to one molecule of doxorubicin for every three base
pairs of DNA, consistent with previous results (28). In living
cells, half-saturation was achieved when the extracellular
concentration was 107 mM (32 mM in isolated nuclei). For both
viable cells and isolated nuclei, steady-state concentrations of
drug in the nucleus were achieved within 5 min of pulse time

(Fig. 3C). Thus, doxorubicin rapidly reaches steady state
nuclear concentration without being significantly hindered by
the plasma membrane, the nuclear envelope, or by seques-
tration in cytoplasmic vesicles.

Doxorubicin Accumulates in VPS4a Positive
Compartments during Efflux

Studying the ultrastructure of K562 cells with electron
microscopy, MVBs were the most prominent endo-lysosomal
organelles (Fig. 4). Typically, the K562 cell nucleus was
kidney-shaped and positioned eccentrically, with the convex
surface of the nucleus near the cell surface (Fig. 4A). The
distribution of organelles in K562 cells was typically orga-
nized in a radial pattern about the center of the cell, with the
nucleus to one side and the endoplasmic reticulum and endo-
lysosomal organelles at the other. MVBs congregated in the
center of the cell. Endoplasmic reticulum tubules were present
surrounding the MVBs, and mitochondria were generally
localized at the periphery, adjacent to the plasma membrane
(Fig. 4B). At high magnification, MVBs were clearly visible
as vesicles 500 nm to 1 mm in diameter (Fig. 4C, D). MVBs
were replete with smaller vesicles (exosomes), 50 to 80 nm in
diameter, and in a few cells, early MVBs with budding exo-
somes were evident (Fig. 4C). In most cells, lysosomes were
not observed. Thus, the bright, doxorubicin-labeled vesicles
observed with the fluorescence microscope corresponded in
size, shape, number and position to MVBs seen with the elec-
tron microscope.

To directly probe if MVBs were involved in doxorubicin
sequestration, K562 cells were transfected with GFP-tagged
VPS4a EQ and KQ dominant negative mutants to label the
MVB. Transfected cells were pulsed and then chased in drug-
free media for up to 8 h. Confocal microscopy was used to
image VPS4aYGFP and doxorubicin fluorescence. At the be-
ginning of the efflux period, doxorubicin fluorescence was
not present in VPS4a-positive vesicles. Nevertheless, after 8 h
efflux, doxorubicin fluorescence was mostly present in vesicles
that were brightly labeled with VPS4aYGFP fluorescence at
their surface (Fig. 5). Doxorubicin fluorescence was clearly
visible in the center, surrounded by a ring of VPS4aYGFP in
the cytosolic face of the vesicles.

VPS4a Dominant Negatives Decrease Vesicular
Sequestration of Drug, However Nuclear
Efflux of Drug Can Still Occur

Observing the intracellular distribution of doxorubicin
fluorescence in cells expressing dominant-negative VPS4aY
GFP revealed a marked decrease in vesicular sequestration in
transfected cells (Fig. 6). Counting visible doxorubicin-
containing vesicles with a diameter greater than 0.5 mm, we
found that cells transfected with VPS4a EQ and KQ dominant
negatives exhibited on average four and three doxorubicin
vesicles per cell, respectively; control vector-transfected and
untransfected cells contained more than ten vesicles per cell
(Fig. 6B). To determine if this decrease in doxorubicin-
labeled vesicles reflected a decrease in doxorubicin efflux
from the nucleus, cells transfected with VPS4a-EQ were
pulsed-chased with doxorubicin, and extracted with 0.1%
Triton X-100 which removes cytoplasmic doxorubicin fluores-

Fig. 3. Doxorubicin transport into and out of extracted and live cell

nuclei can be quantitatively analyzed. (A) The nuclear doxorubicin

concentration during efflux. The loss of drug from the nucleus after 4

and 8 h of efflux was significant ( p < 0.005; t-test). (B) Mass of

doxorubicin in nuclei of living cells (left graph) and isolated nuclei

(right graph) pulsed with doxorubicin at different concentrations.

Data are the means of three experiments T S.E.M. (C) Nuclear

doxorubicin values for living cells (solid squares) and isolated nuclei

(open squares) after different doxorubicin pulse times.
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cence but does not completely extract dominant negative
VPS4aYGFP labeling. Images were acquired using a fluores-
cence microscope after 0 and 8 h chase periods, and the inten-
sity of doxorubicin fluorescence in the nuclei was compared
using image analysis software. After 8 h of efflux, the intensity
of nuclear doxorubicin fluorescence decreased to a similar
extent in both untransfected cells and those expressing the
VPS4a EQ dominant negative mutant (Fig. 7A). Cell popu-
lation analysis of fluorescence intensity distribution was con-
sistent with doxorubicin efflux from the nucleus occurring at
similar rates in transfected and control cells (Fig. 7B). The
nuclear fluorescence labeling for both groups exhibited a
standard distribution about the mean fluorescence, and the
mean fluorescence shift was accompanied by a shift of the
entire population.

DISCUSSION

Consistent with previous results (29), the rate of doxo-
rubicin egress from isolated nuclei is slow (3% per hour),

which allows for the measurement of the doxorubicin mass
that remains associated with isolated nuclei. The rate of drug
efflux from nuclei in living cells occurs more rapidly (Fig. 1A).
This faster rate suggests an active cellular mechanism fa-
cilitating efflux of doxorubicin from the nucleus. High intra-
cellular concentrations of drug are present as nuclear efflux is
occurring (Fig. 1B). Although the apparent affinity of doxo-
rubicin for nuclei is less in living cells than in isolated nuclei
(Fig. 3B), unbinding of doxorubicin from living cells occurs in
the presence of intracellular drug concentrations higher than
the concentration used to pulse the cells. Our data suggests
that sink conditions are present in the intact cell despite a large
amount of intracellular doxorubicin, indicating that much of
the cellular doxorubicin is not in a free form that can interact
with DNA.

Thus, we infer that most of the cellular doxorubicin must
be compartmentalized in a manner that allows unbinding from
DNA to occur despite a high intracellular drug concentration.
Microscopic analysis of doxorubicin localization reveals most
of the cytoplasmic doxorubicin fluorescence associated with
vesicles (Fig. 2A). The divergent localization of doxorubicin
fluorescence and GFP, an aqueous marker of the cytosol, is
evidence of doxorubicin fluorescence being present in a non-
cytosolic cytoplasmic compartment (Fig. 2B). Hypotonic burst
of cells renders them permeant to Trypan Blue, a molecule
larger than doxorubicin (data not shown). Thus, all freely
soluble doxorubicin molecules should be released. Experi-
mentally, only a small fraction (<10%) of the total cellular
doxorubicin is released after such hypotonic burst (Fig. 2C).

While most of the doxorubicin remaining in the cell after
extracellular drug is removed remains trapped or bound to
membranous vesicles, vesicular sequestration, by trapping or
sequestration or a combination of the two, does not seem to
stop doxorubicin from reaching the nucleus. Because doxo-
rubicin readily interacts with the nucleus in the influx ex-
periment, we infer that there is a significant amount of free
doxorubicin present in the cell when cells are in the presence
of extracellular drug. However, when doxorubicin is removed
from the extracellular medium, our data suggests there is a
depletion of free drug from cells, either through intracellular

Fig. 5. Doxorubicin accumulates in VPS4a positive vesicles. Confo-

cal microscopy images of K562 cells transfected with GFPYVPS4a

EQ (top row) or KQ (bottom row) dominant negative mutants after

8 h efflux. The far left column shows GFPYVPS4a EQ or KQ

distribution. The second column shows doxorubicin localization. The

third column is an overlay of the two images. The far right column is

a magnification of cytoplasmic vesicles with GFPYVPS4a EQ or KQ

(green) encircling doxorubicin fluorescence (red).

Fig. 4. The MVB is the most prominent endo-lysosomal compartment in K562 cells. (A)

Electron micrograph (5,800� magnification) of a K562 cell. Some mitochondria are labeled

with an BM^ to distinguish them from the MVBs. (B) Magnification (13,500�) of MVBs

present in clusters in the cytoplasm in the center of the cell. MVBs showing early (C) and

more mature (D) morphologies.
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sequestration, through efflux across the plasma membrane or
both. Still, a large amount of doxorubicin remains inside the
cell, but most of it is bound. Membrane extraction with de-
tergent releases õ46% of the cellular doxorubicin, with the
rest remaining bound to the nucleus. Most likely, the doxo-
rubicin that remains bound to the nucleus is associated with
DNA. We have established that the stoichiometry of doxo-
rubicin binding to nuclei corresponds to the stoichiometry of
doxorubicin binding to DNA (i.e., one doxorubicin molecule
for every three base pairs of DNA).

In K562 cells, the plasma membrane does not pose a
significant barrier to drug entry, as intracellular drug con-
centrations are more than four times greater than the ex-

tracellular concentration at the end of the pulse. The nuclear
membrane does not hinder drug entry either, which is to be
expected given that the nuclear pore complex allows for the
passive diffusion of molecules smaller than 9 nm in diameter
(30). Concentration of doxorubicin in the nucleus is even
greater (Fig. 3A) reaching steady state within a 5-min drug
pulse (Fig. 3C). In contrast, sequestration of drug in cyto-
plasmic vesicles occurs more gradually, so sequestration does
not prevent nuclear entry.

With electron microscopy, MVBs can be seen as the most
prominent and abundant endolysosomal compartment in
K562 cells (Fig. 4). Based on the size, shape, and subcellular
localization of MVBs, we infer that they correspond to the
major site of vesicular doxorubicin sequestration in K562 cells.
Unlike lysosomes, MVBs contain large numbers of internal
vesicles produced from invaginations that form on the outer
membrane of the MVB, in a process that resembles the bud-
ding of viruses (24). In other somatic cells, MVB formation is
the mechanism through which mono-ubiquitinated transmem-
brane proteins and receptors are sorted into exosomes and
shuttled to the lysosomes for degradation (31). In cells of
erythroid lineage, such as K562 cells, the inner vesicles of
the MVB are not degraded intracellularly, but are released
to the outside of the cell after fusion of MVBs with the plasma
membrane (32).

Fig. 6. VPS4a dominant negatives decrease doxorubicin-positive

vesicles. (A) Confocal microscopy images of untransfected cells,

and cells transfected with GFPYVPS4a EQ, GFPYVPS4a KQ, or the

GFP vector alone, after 8 h efflux. The left column shows the

fluorescence of GFP-tagged VPS4a dominant negative mutants and

GFP alone. The right column shows doxorubicin fluorescence. (B)

The number of doxorubicin-containing vesicles in cells transfected

with VPS4a dominant negative mutants, and control cells (n Q 10).

Fig. 7. Nuclear efflux of control and dominant negative VPS4a

expressing cells is similar. (A) Average nuclear intensity of cells

transfected with VPS4a EQ and untransfected cells after 8 h efflux.

There was no significant difference in nuclear doxorubicin intensity

between transfected and control cells ( p > 0.2; t-test). (B) Frequency

of untransfected (top graph) and transfected (bottom graph) cells

exhibiting a given average intensity percentile after 0 (solid bars) and

8 h (open bars) of efflux. Data are means of three experiments with

more than 80 cells analyzed in each experiment.
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To assess whether the MVB-exosome pathway facilitates
doxorubicin clearance from the nucleus, K562 cells were
transfected with GFP-tagged VPS4a dominant negative
mutants (24,25). Dominant negative VPS4a binds to MVBs,
slowing down endosomal trafficking and exosome release
and leading to the formation of an enlarged MVB compart-
ment known as the class E compartment (33). Under efflux
conditions, doxorubicin fluorescence accumulated in the
VPS4a-positive compartment over the course of 8 h (Fig. 5),
consistent with drug molecules trafficking through the MVB
on their way out of the cell.

Expression of VPS4a dominant negatives appeared to
decrease the total amount of doxorubicin fluorescence ob-
served in cytoplasmic vesicles, but did not prevent the
decrease of nuclear doxorubicin fluorescence during the
8-h efflux period (Fig. 6). Thus, although interfering with
VPS4a function may inhibit doxorubicin sequestration or
trafficking through the MVB, it did not appear to affect drug
egress from the nucleus (Fig. 7). This was an unexpected
result. A likely explanation is that because drug efflux is
ultimately driven by the concentration gradient between the
nucleus and the outside of the cell, drug egress from the nu-
cleus occurs through an alternative pathway when the MVB-
exosome efflux pathway is blocked. We did not observe an
increase in the intensity of doxorubicin fluorescence associat-
ed with individual vesicles. On the other hand, doxorubicin
can interact with other membranous organelles inside the cell,
such as mitochondria, the endoplasmic reticulum, and intra-
cellular vesicles expressing drug transporter proteins. Binding
to proteins that are actively exported from the nucleus to the
cytoplasm may facilitate nuclear efflux (34). In this context,
the proteasome has been proposed to facilitate translocation
of doxorubicin from the nucleus to the cytosol (35). Thus,
blocking the MVB pathway could simply increase the amount
of doxorubicin efflux along this alternative pathway.

In conclusion, doxorubicin transport occurs in two dif-
ferent steps: first, DNA-bound drug molecules dissociate from
DNA; second, drug molecules gradually make their way out of
the cell. The route of doxorubicin egress from the nucleus to
the extracellular medium is facilitated by a cellular mecha-
nism, involving the MVB, but is not necessarily constrained to
the MVB pathway. If MVB traffic is blocked, doxorubicin
molecules may still exit the nucleus through a different route.
Just like damming a river midstream, dominant negative
VPS4a do not necessarily alter the flow of molecules
upstream, and perturbing drug transport in the cytoplasm is
not necessarily sufficient to prevent nuclear efflux from
happening in the first place.
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