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After treatment of AH66DR cells with the multidrug resis-
tance (MDR) phenotype with bovine serum albumin (BSA)-
conjugated ['*C]doxorubicin (DXR), accumulation of the
drug in the secondary lysosomal fraction increased as a
function of time up to 24 h without any significant increase
of the drug in other organellae. By contrast, AH66P cells
showed a marked Increase in accumulation of the drug in
the mitochondrial fraction, and a moderate increase in the
lysosomal and nuclear fractions. The intracellular degrada-
tion of the internalized conjugate was assessed by HPLC
gel filtration as molecular change of the drug. The initial
molecular mass (M,) of BSA-conjugated [“C]DXR was
estimated to be 70 kDa; however, the secondary lysosomal
fraction contained mainly three peaks of ['*C]lcompounds
ranging from 3 to 70 kDa. The [**C]lcompound extracted
from the nuclear and mitochondrial fractions showed only
one peak, which was estimated to be smaller than 2 kDa.
By contrast, the cytosolic fraction contained mainly two
peaks of ['*Clcompounds, which were smaller than 2 kDa
and larger than 500 kDa. These results indicated that the
Intracellular distribution of the administered drug, based
probably on the drug-traffic mechanism in the cells, was
quite different between the two cell lines, but some of the
biochemical characteristics of the degraded compounds
from each subcellular fraction were similar because the
degradation processes in each fraction might be almost
identical. The possibility of lysosomal degradation of the
protein-conjugated DXR leading to expression of cytotoxi-
city was also confirmed by the fact that only lysosomal
digestable poly-L-lysine-conjugated DXR exhibited dose-
dependent cytotoxicity against both cell lines in marked
contrast to the cells treated with poly-D-lysine-conjugated
DXR. It was concluded that lysosomal breakdown of
protein-conjugated DXR, which had been taken up by
endocytosis, and the liberation of the degraded active
adducts of the conjugate without efflux by the MDR pump
mechanism must be an essential stage in the development
of the cytotoxicity against tumor cells with or without the
MDR phenotype.
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Introduction

The appearance of multidrug resistance (MDR) to
antitumor drugs through the overexpression of
transmembrane 170 kDa P-glycoprotein (Pgp) is a
major problem in cancer chemotherapy." Various
attempts to overcome MDR have been studied,
including co-treatment with a calcium antagonist to
block the efflux pump of ng‘l' % and the use of anti-
Pgp monoclonal antibody to modulate the MDR
phenotype.("s We have recently reported that
protein-conjugated doxorubicin (DXR) exhibited a
marked cytotoxicity against several MDR cell
lines.” "' The reports demonstrated that the conju-
gate was slowly internalized, but not pumped out by
Pgp, resulting in increased accumulation and im-
proved cytotoxicity. A mechanism proposed to
explain the main antitumor activity of DXR is the
inhibition of DNA replication by intercalation of
DNA base pairs, but the mechanism of cytotoxicity
of the protein-conjugated DXR on the MDR cells has
not yet been clarified. Anticancer agents, for the
most part, exert their cytotoxic effects through
interaction with their intracellular target component;
the antitumor effects are dependent on the active
drugs that are taken up by cells. Thereafter, inter-
nalization of the protein-conjugated DXR, intracellu-
lar translocation of the protein-conjugated DXR and
the release of the agent into a pharmacologically
active form within the cells are critical processes in
determining the cytotoxic effect of the protein-
conjugated DXR. In the present study, to clarify the
mechanism(s) by which the protein-conjugated DXR
overcomes MDR, the characteristics of the intracellu-
lar distribution and the degradation of bovine serum
albumin (BSA)-conjugated DXR were investigated
using both DXR-sensitive and -resistant cell lines.
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Materials and methods

Materials

DXR was obtained from Kyowa Hakko Kogyo Co.,
Ltd (Tokyo, Japan). Dextran T-10, and Sephadex G-25
and G-150 were obtained from Pharmacia Biotech
(Uppsala, Sweden). BSA, catalase, ribonuclease I,
DNA from calf thymus, poly-L-lysine (MW 53.9 kDa),
poly-D-lysine (MW 55.0 kDa), ethidium bromide, goat
anti-BSA polyclonal antibody, fluorescein isothio-
cyanate (FITC)labeled rabbit anti-mouse immuno-
globulin, FITC-labeled rabbit anti-goat immuno-
globulin and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
tetrazolium bromide (MTT) were obtained from
Sigma (St Louis, MO). Mouse anti-DXR monoclonal
antibody was generated by immunizing mice with
keyhole limpet hemocyanin-DXR conjugate as re-
ported previously.'> ['CIDXR (57 mCi/mmol) was
purchased from Amersham Japan (Tokyo, Japan).
Molecular weight standard of multiples of a 123 bp
DNA ladder was obtained from Gibco/BRL (Gaither-
sburg, MD). 3,5-Diaminobenzoic acid, Triton X-100
and agarose GP-36 were obtained from Nakarai
Tesque Inc. (Kyoto, Japan). All other chemicals were
of analytical grade.

Cell lines

The rat ascites hepatoma cell line, AHGGP, and the
DXR-resistant mutant subline, AHO6DR, were cul-
tured with RPMI 1640 containing 10% heat inacti-
vated fetal bovine serum (growth medium) under
the conventional conditions.'’

Preparation of DXR conjugated with
protein

Binding of DXR to BSA via a dextran bridge was
carried out using a method described previously.”’
Briefly, 10 mg/0.5ml in 0.15M NaCl of oxidized
dextran T-10 which was linked with [““C]DXR at
room temperature for 1 h was coupled with 10 mg of
BSA at 4°C for 24 h. The BSA-conjugated ["*C]DXR
was separated from unbound ['*C]DXR by Sephadex
G-150 gel filtration. For the preparation of DXR
conjugated with poly-lysine, mixtures of 3 mg of
poly-L-lysine or poly-D-lysine and 0.5 mg of DXR in
1 ml of 0.15 M NacCl containing 0.1% glutaraldehyde
were incubated for 15 min at room temperature. The
conjugate was separated from free DXR by Sephadex
G-25 gel filtration.””'! The concentration of DXR was
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measured by absorbance at 495 nm. Protein concen-
tration was estimated by the measurement of absor-
bance at 280 nm or by the ninhydrin reaction.

Fluorescence study

After the cells were co-cultured for 10 min, 1 h and
17 h with 10 uM DXR or BSA-conjugated DXR at
equivalent DXR doses, the cells were incubated with
prewarmed 10 mM sodium phosphate buffer, pH
7.0, 0.15 M NaCl (PBS) containing 10 mM NaN; for
15 min. The cells that had been washed extensively
with the cold buffer mentioned above were fixed by
cold acetone for 1 min. Next, the intracellular drug
distribution was examined by the immunofluores-
cence antibody method using mouse anti-DXR
monoclonal antibody, goat anti-BSA polyclonal anti-
body and FITC-labeled second antibody. DXR fluores-
cence was also detected by fluorescence microscopy
(Olympus LH5A; Olympus Optical Co. Ltd, Tokyo,
Japan).

Uptake of DXR or protein-conjugated DXR

AHGGP or AHGGDR (5 x 10%) cells were cultured in
the presence of 1 nM ("C]DXR or BSA-conjugated
["CIDXR in culture plates (no. 3003; Falcon, Becton
Dickinson, Lincoln Park, NJ). After incubation for
various periods of time, the media were removed and
the scraped cells were washed three times with 3 ml
of ice-cold 0.15M NaCl. The level of intracellular
drug was estimated by the measurement of radio-
activity using a scintillation counting system
(LS6000IC; Beckman, Berkeley, CA). For the uptake
of poly-lysine-conjugated DXR, the scraped and
washed cells, which were incubated with 5 uM
isomeric poly-lysine-conjugated DXR for 24 h, were
sonicated mildly in 10 mM Tris—HCl, pH 7.4, and
one-eighth volumes of 2 M sucrose were added to the
suspensions, which were then centrifuged at 1000 g
for 10 min to obtain the pellet (P1) and supernatant
(S1). The nuclear fraction was isolated from P1 using
sucrose discontinuous centrifugation as described by
Tata et al'' The nuclear fraction and $1 were
combined and mixed with the same volumes of 2%
Triton X-100. DXR in the mixture was measured by
fluorospectrometry set at an emission wavelength of
470 nm with an excitation wavelength of 580 nm
using authentic DXR as a standard. The results were
expressed by the following equation: drug accumula-
tion rate (%) = 100 x [intracellular DXR (nmol) per
5 x 107 cells]/[DXR (nmol) added to medium].



Subcellular fractionation

Subcellular particles from AH66P and AHGGDR cells
were fractionated by differential centrifugation after
treatment of the cells with ['*C]DXR or with BSA-
conjugated ['“C]DXR for various periods of time. All
procedures were carried out at 4°C. P1, S1 and
nuclear fractions were prepared from the cells as
described above. S1 was further centrifuged at
10 000 g for 20 min to obtain the pellet (P2) and
supernatant (82) fractions. P2 suspended in 0.7 M
sucrose—0.2 M KCl was centrifuged at 10000 g for
10 min. The resultant pellet was used as a mitochon-
drial fraction and a primary lysosomal fraction was
obtained from the supernatant by centrifugation at
15000 g for 20 min. A secondary lysosomal fraction
containing endosomes was precipitated from S2 by
centrifugation at 20000 g for 30 min. The conse-
quent supernatant was used as a cytosolic fraction.
Subcellular accumulation of [“‘C]drugs was ex-
pressed as radioactivity (d.p.m.)/mg protein in each
fraction. To determine the intercalated BSA-conju-
gated ["CIDXR into DNA, the DNA fraction of
AHGGP and AHGGDR cells treated with the drugs was
extracted with phenol from the nuclear fraction and
precipitated by ethanol. The accumulation of radio-
activity in DNA was expressed as d.p.m./mg DNA.

DNA fragmentation assay

To determine whether both cells treated with BSA-
conjugated DXR displayed typical apoptotic features,
the appearance of typical oligonucleosomal base pair
fragments was examined in the drug-treated tumor
cells. After treatment with the drug for various
periods of time, harvested cells (1 x 107) were
centrifuged and washed with cold PBS. DNA was
extracted from the cells by the IsoQuick Nucleic
Acid Extraction Kit (Microprobe, Garden Grove,
CA). The DNA precipitated by ethanol was dissolved
in 50 ul of 10 mM Tris—HCl (pH 7.5) containing
1 mM EDTA. The DNA sample (10 ug) was loaded
on 2% agarose gels. After electrophoresis, the DNA
fragments were visualized by ethidium bromide
staining and the gels were photographed.

Estimation of molecular mass (M;) of
the internalized BSA-conjugated
['*C]DXR in the subcellar fraction

After 24 h of treatment of both AH66P and AHGGDR
cells with BSA-conjugated ['“C]DXR, lysosomal, cyto-
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solic, nuclear and mitochondrial fractions were
separated by differential centrifugation as described
above. M, estimation of '“C compounds in respec-
tive fractions was performed by HPLC gel filtration
(TSK gel G3000SW, 7.5 x 600 mm; Tohso, Tokyo,
Japan). Elution was carried out with 0.15 M NacCl at
a flow rate of 1 ml/min. The radioactivity in each
fraction was measured by the scintillation counting
system. The molecular size markers used were
catalase (240 kDa), BSA (66 kDa) and ribonuclease I
(13 kDa).

Growth inhibitory effect of poly-L-lysine-
and poly-D-lysine-conjugated with DXR

To assess the growth inhibitory effect of drugs,
viable cells (2 x 10%) were cultured continuously for
96 h at 37°C in a 48well culture plate (no. 3548;
Costar, Cambridge, MA) with 1 ml of growth media
containing graded equivalent concentrations of DXR
or polylysine. After 96 h incubation, viable cells
were determined with the colorimetric assay using
MTT as reported previously]s and the results were
expressed by the following equation: viable cells
(%) = 100 x (absorbance at 570 nm of the drug-
exposed cells)/(absorbance at 570 nm of the non-
treated control cells).

Protein and DNA assay

Protein concentration in each subcellular fraction
was determined by a Bio-Rad protein assay kit (Bio-
Rad, Hercules, CA) using BSA as the standard. DNA
concentration was assayed as follows: DNA extracted
from the cells was mixed with 0.1ml of 2M
3,5-diaminobenzoic acid and incubated at 60°C
for 30 min. After incubation, 4 ml of 0.6 M per-
chloric acid was added to the mixture. The binding
product of DNA with 3,5-diaminobenzoic acid was
measured by fluorospectrometry set at an emission
wavelength of 515 nm with an excitation wave-
length of 415 nm using DNA from calf thymus as the
standard.'®

Results
DXR conjugates with protein
The extent of substitution varied in different pre-

parations and the conjugates when 5.2 mol
["YCIDXR per mol BSA, 15 mol DXR per mol poly-L-

Anti-Cancer Drugs - Vol 7 - 1996 689



N Takabashi et al.

lysine and 16 mol DXR per poly-D-lysine, respec-
tively, were used in the present study.

Fluorescence localization of BSA and
DXR

To confirm the internalization and distribution of
DXR and BSA-conjugated DXR in the cells, DXR
immunolocalization was determined by the anti-DXR
antibody immunofluorescence method (Figure 1).
Although DXR immunoreactivity was detectable
through the cytoplasm and nuclei of the AHOGGP
cells within only 1 h of treatment (Figure 1A), little
DXR was accumulated in the nuclei of AHGGDR
cells over 17h of treatment (Figure 1B). By
contrast, AHGGDR treated with BSA-conjugated DXR
for 17 h showed a significant immunodistribution of
the drug through the cytoplasm and nuclei (Figure
1C). The distribution of BSA-conjugated DXR in
AHOGDR cells was investigated further using anti-
BSA antibody and DXR fluorescence. After 10 min of
treatment with BSA-conjugated DXR, both BSA and
DXR were practically not detected in the cells
(Figure 2A and D). Fluorescence were detected
significantly around the perinuclear region after 1 h
of treatment (Figure 2B and E). After 17h of
treatment, both fluorescence intensities were in-
creased in the nuclei as well as in the cytoplasm
(Figure 2C and F).

Cellular accumulation of BSA-
conjugated DXR

As the uptake of ["'CIDXR into both AHGGP and
AHGODR cells was saturated after approximately
30 min of incubation, a comparison was made of the
intracellular ["*C]DXR level between the two cell
lines after 1 h of treatment. The accumulation of
["*CIDXR in AHGGDR cells was only 13% of that in
AHOGP cells. On the other hand, the accumulation
of BSA-conjugated ["'CIDXR in AHGGP cells was
found to be increased slowly up to 24 h of the
treatment period and reached approximately the
same level as that after 1h of treatment with
[MCIDXR (equivalent concentration) (Figure 3).
After treatment of AHOODR cells with BSA-conju-
gated [“CIDXR for 24 h, the drug accumulation
increased gradually and reached approximately 31%
of the level in AHGGP cells treated with the
conjugate for 24 h (Figure 3). When both cells were
treated with 5 uM of either poly-l-lysine- or poly-D-
lysine-conjugated DXR for 24 h, these drugs were
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Figure 1. Analysis of drug distribution using fluores-
cence microscopy. After co-culture for 1 and 17 h with
10 «M DXR or BSA-conjugated DXR at equivalent DXR
doses, intracellular drug distribution was examined using
mouse anti-DXR monoclonal antibody and FITC-labeled
second antibody by an immunofluorescence method. (A)
AHB6P celis co-cultured with 10 «M DXR for 1 h; (B and
C) AHB66DR cells co-cultured with 10 #zm DXR and with
10 «M BSA-conjugated DXR for 17 h, respectively.

taken up into the cells. The drug accumulation rates
for poly-L-lysine-conjugated DXR were 15.9 + 2.9%
in AHOGP cells and 17.6 + 3.0% in AHOGGDR cells,
while the rates for poly-D-lysine-conjugated DXR
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Figure 2. Distribution of BSA-conjugated DXR in AH66DR cells incubated in the presence of 10 uM BSA-conjugated
DXR for 10 min (A and D), 1 h (B and E) and 17 h (C and F). Intracellular drug distribution was examined using goat
anti-BSA polyclonal antibody and FITC-labeled second antibody by an immunofluorescence method (A-C). DXR
fluorescence was also detected by fluorescence microscopy (D-F).

were 21.1 £ 3.9% in AHOGP cells and 16.6 + 3.8% in
AHOGDR cells. These values did not show any
significant differences between two kinds of conju-
gate or two cell lines.

Intracellular distribution of BSA-
conjugated DXR

After incubation of the cells with BSA-conjugated
["‘C]DXR for various periods of time, the time-
dependent and organella-specific accumulations of
['*Clcompounds were observed in nuclear, mito-
chondrial, secondary lysosomal and cytosolic frac-
tions from either AHGGP or AHGGDR cells (Table 1).
The separation of each fraction was confirmed using
marker enzymes, such as succinate dehydrogenase

for mitochondria, acid phosphatase for lysosomes
and lactate dehydrogenase for cytosol”*w (data not
shown).

Treatment of AHGGOP cells with BSA-conjugated
("“CIDXR resulted in the highest accumulation of
radioactivity in the nuclear fraction. The cumulative
radioactivity after 24 h of treatment was increased
approximately 3-fold as compared with that after
1h of treatment. The radioactivity in the mito-
chondrial fraction was also increased as a function
of time up to 24 h and reached the highest level
after 24 h of treatment. After 24 h of treatment,
the intracellular drug distribution in AHGGP cells
which were treated with BSA-conjugated ("YC)DXR
showed almost the same pattern as that of
[""C]DXR. In AHGG6DR cells, the intracellular
drug distribution after 24 h of treatment with
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Figure 3. Time-dependent accumulation of the BSA-
conjugated DXR in DXR-sensitive AHB6P or -resistant
AH66DR cells. After incubation with either free ['"*C]DXR
or BSA-conjugated [“C]DXR, intracellular radioactivity
was measured with a liquid scintillation counter. AH66P
cells treated with BSA-conjugated ['*C]DXR (®) and with
free ["*C]JDXR (O). AH66DR cells treated with BSA-
conjugated ['*C]DXR (B) and with free ["*C]DXR ().
Points: mean of duplicate determinations of three inde-
pendent examinations; bars: SD.

BSA-conjugated ['*CIDXR had a nearly similar pat-
tern to that of ['“C]DXR with the exception of low
accumulation in the nuclear fraction. The secondary
lysosomal accumulation of ['4C]compounds was
increased gradually and reached the maximum con-
centration after 24 h of treatment. The nuclear and
mitochondrial accumulations did not show any

significant increase over a 24 h time period as
compared with the level after 1 h of treatment with
BSA-conjugated ("*CIDXR. The radioactivity was
practically not detected in the primary lysosomal
fractions from both cell lines throughout the experi-
ment (data not shown).

By treatment of the two cell lines with BSA-
conjugated ['*CIDXR, the time-dependent increase
in accumulation of the drug was not observed in the
DNA fraction over a 24 h time period and they were
almost at the same levels as that after 1 h of
treatment. Drug accumulation in the nuclear fraction
was lower in AH6GDR cells than that in AHGG6P cells;
however, the level of radioactivity of the drug in the
DNA fraction, which was extracted from the same
nuclear fraction, was interestingly higher in the
AHOGGDR cells relative to that in AHOGP cells. On the
other hand, treatment of AHGGDR cells with
{1“C]DXR showed a much lower accumulation of
the drug in DNA than that with BSA-conjugated
['*C]DXR.

Induction of DNA fragmentation by BSA-
conjugated DXR

Because a time-dependent increase in the radio-
activity was not observed in DNA fractions from
both AHGGP and AHGGDR cell lines which were
treated with BSA-conjugated ["“C]DXR as described
above, it was investigated further whether or not the
DNA fragmentation was induced by the treatment.
When the cells were exposed to 1 uM BSA-conju-
gated DXR for various periods of time, some nucleo-
some-sized fragments were expressed in both cell
lines after 12 h of treatment (Figure 4).

Table 1. Subcellular distribution of the drugs in AH66P and AHE6DR cells

Fraction AH66P AHE66DR
BSA-conjugated DXR DXR BSA-conjugated DXR DXR
1h 12h 24h 1h 1h 12h 24h 1h
Nuclei 5052 4931 15323 15325 1386 1379 1887 3810
Mitochondria 1449 3629 9864 10591 1298 1546 1414 1863
Second lysosomal 525 578 2062 3131 799 935 1815 1410
Cytosol 1053 963 2447 2319 955 911 1532 1246
DNA 1938 1327 1350 3318 1533 2015 1820 785

Subcellular distribution of the radioactivity in AH66P and AHB66DR cells which were treated with BSA-conjugated ['*C]DXR or with
free ['*CIDXR. After 1, 12 or 24 h of treatment of the cells with the drugs, the radioactivity of nuclear, mitochondrial, secondary
lysosomal, cytosolic fractions and DNA was measured with a liquid scintillation counter (n = 2, mean). For details, see Materials and
methods. Results are expressed as radioactivity (d.p.m.)/mg protein or mg DNA in each fraction.
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Figure 4. Induction of DNA fragmentation by BSA-conjugated DXR. After drug treatment, isolated DNA was
electrophoresed in a 2.0% agarose gel as described in the Materials and methods. Both cells (A, AH66P; B, AH66DR)
were treated with 1 uM BSA-conjugated DXR for various periods of time (lane 2, control; lane 3, 3 h; lane 4, 6 h; lane 5,
12 h; lane 6, 24 h; lane 7, 30 h). Molecular weight standards of multiples of the 123 bp DNA ladder are shown in lane 1.
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Figure 5. Estimation of M, of the internalized [*C]DXR conjugate in the subcellular fraction. After 24 h of treatment of
both AH66P and AH66DR cells with BSA-conjugated [*C]DXR, secondary lysosomal, cytosolic, nuclear and
mitochondrial fractions were separated by differential centrifugation as described in Materials and methods. M,
distribution of *C compounds in respective fractions was estimated by HPLC gel filtration (G3000SW). Elution was
carried out with 0.15M NaCl at a flow rate of 1 ml/min. The radioactivity of each fraction was measured by the
scintillation counting system.
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M; changes of the internalized BSA-
conjugated ['*C]DXR

As shown in Figure 5, M, of the BSA-conjugated
['*C]DXR initially prepared was estimated to be
approximately 70 kDa. In AHGGP cells, the interna-
lized BSA-conjugated ['*C]DXR was degraded in the
secondary lysosomes and the ['*Cjcompounds in
the fraction were separated mainly into three peaks
ranging from 3 and 70 kDa. By contrast, the M, of
['*Clcompounds which were extracted from the
nuclear and mitochondrial fractions were estimated
to be only smaller than 2 kDa. The cytosolic fraction
contained two peaks smaller than 2 kDa and larger
than 500 kDa of ['‘C]compounds. Free ['{CIDXR
was not detectable in any fraction. In AHGGDR cells,
the elution profile of the internalized conjugate in
each subcellular fraction was almost similar to that
in AHGGP cells obtained by HPLC gel filtration
analysis.

Cytotoxicity against isomeric poly-lysine-
conjugated DXR

To investigate whether lysosomal enzymes contri-
bute to expression of the cytotoxicity of the
conjugate, both poly-L-lysine and poly-D-lysine were
used as the partner of the conjugate instead of
BSA.% Only poly-L-lysine-conjugated DXR exhibited a
growth inhibitory effect in a dose-dependent manner
against both cells in marked contrast to the cells
treated with poly-L-lysine-, poly-D-lysine- and poly-D-
lysine-conjugated DXR, respectively (Figure 6).

Discussion

Distribution of DXR and BSA-conjugated DXR in the
cells was determined by either immunofluorescence
or DXR-Afluorescence. Treatment of the DXR-resistant
AHGGDR cells with BSA-conjugated DXR for 17 h
showed a significant distribution of the drug in the
cytoplasm and nuclei, whereas no obvious distribu-
tion of the DXR was noted in the AHGODR nuclei
within the same period of time. These results
indicated the internalization of BSA-conjugated DXR
in the cytoplasm, because both DXR and BSA were
detected clearly in the cells by fluorescence micro-
scopy.

By pharmacokinetic analysis of ["*C]DXR conju-
gated with BSA, an obvious difference in mitochon-
drial and nuclear accumulations of the conjugate
was found between AHGOP and AHGGDR cells.
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Figure 6. The cytotoxic effect of poly-lysine at various
concentrations and poly-lysine-conjugated DXR at the
equivalent concentration of DXR on AH66P or AHB6DR
cells was examined using the MTT assay in terms of
percentage of viable cells relative to the control. Each
cell line was treated with poly-L-lysine-conjugated DXR
(A), poly-D-lysine-conjugated DXR (@), poly-L-lysine (A)
or poly-D-lysine (O). Mean + SD (four examinations).

Accumulation of the drug in the nuclei of AHGGDR
cells was lower than that of AHGGP cells because of
the active DXR efflux from nucleus to cytoplasm
and from cytoplasm to outside the cells.?' In this
condition, approximately 20% of the DXR, which
had been accumulated in the nuclear fractions of
both DXR sensitive and -resistant cells, was extracted
in the DNA fraction. By contrast, nuclear accumula-
tion of the BSA-conjugated DXR in both cell lines
was very slow as compared to that of free DXR
because of their different mechanisms of influx. In
AHGGDR cells, the internalized BSA-conjugated DXR
was degraded and the resultant adducts were dis-
tributed to the target organellae, such as the nucleus
and mitochondria. However, we have already de-
tected over 30-40% of the metabolic adducts of the
conjugate that were also effluxed from the cells by
the Pgp pump (manuscript in preparation). This
explains why nuclear accumulation of the BSA-



conjugated DXR was lower in the AHGGDR cells
than that in AHGGP cells. Under this condition, the
accumulated conjugate or its metabolic adduct in
the nuclear fraction of the AHG6GDR cells was almost
entirely bound to DNA and the accumulation of the
drug in the DNA fraction, which was extracted from
the nuclear fraction, was the same or higher in
concentration as compared to the drug level exhibit-
ing excellent cytotoxicity when the AHGGP celis
were treated with the conjugate. We presume from
this result that the level of the drug intercalated into
DNA was sufficient to exhibit cytotoxicity against
AHOG6DR cells as well as AHOGP cells. A lack of time-
dependent accumulation of the drug in DNA may be
based on the simultaneous transportation out of the
nuclei of the DNA fragment which was generated by
the drug action. In the present study, the internu-
cleosomal cleavage of genomic DNA occurred in
both cell lines after 12h of treatment with BSA-
conjugated DXR. Extraction of the drug from DNA is
dependent on certain factors, such as drug-binding
strength, drug hydrophobicity, etc. Formation of an
unknown drug-DNA-protein complex, cleavable
complex or resultant fragmentation of the DNA may
also affect the efficiency of the extraction process of
DXR from DNA since DNA damage in the tumor
cells induced by DXR was mediated in part by DNA
topoisomerase L% It has been reported that both
levels of DNA topoisomerase II mRNA and protein
were decreased in MDR cells relative to the parent
cells.?*** The effect of BSA-conjugated DXR on
enzyme activity and expression of DNA topoisome-
rase I or II is now under investigation.

The higher accumulation of the conjugate was also
observed in the mitochondrial fraction from AHGGP
cells in comparison with that from AHGGDR cells.
Mitochondrial accumulation of the drug may increase
cytotoxicity due to the production of reactive oxygen
species, in particular the hydroxy radical, which
cleaves DNA.>"%" This phenomenon may be one of
the reasons why the conjugate exhibited superior
cytotoxicity against the AHOGGP cells rather than
AHGGDR cells.” It is presumed that AHGGDR cells
may have a different mitochondrial function from
that of AHGGP cells as described previously by some
investigators.zz‘}—30 Further studies will be necessary
to elucidate a regulation of an antioxidant pathway at
sites of free radical generation.

To investigate the intracellular traffic of the inter-
nalized conjugate, a change in M, owing to degrada-
tion of the internalized BSA-conjugated ['CJDXR
was estimated in each subcellular fraction. The
secondary lysosomal fraction mainly contained three
peaks of 'C compounds ranging from 3 to 70 kDa,
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and M, of C compounds extracted from nuclear
and from mitochondrial fractions was estimated to
be smaller than 2 kDa. Contribution of the lyso-
somes in degradation of the conjugate has been
demonstrated by us and some other investigators
using lysosomotrophic amines, such as ammonium
chloride and chloroquim:.9‘3 "3 I our present
study, the essential contribution of the lysosomal
degradation of the conjugate in exhibiting cytotoxi-
city was confirmed directly by the inhibitory effect
on cell growth using DXR conjugation with isomeric
poly-lysine. Although poly-D-lysine-conjugated DXR
was taken up into the cells at almost the same ratio
with poly-L-lysine-conjugated DXR, only poly-L-lysine-
conjugated DXR exhibited the cytotoxicity because
poly-L-lysine was digested by lysosomal enzymes, but
poly-Dlysine was not.?® The cytosolic fraction con-
taining two peaks smaller than 2 kDa and larger than
500 kDa of ["‘C]compounds suggested that the
smaller compound may be released from lysosomes
and the larger one may be a complex of BSA-
conjugated DXR with tubulin®**®* or ‘unknown’
carrier protein. These results show that BSA-conju-
gated DXR taken up by endocytosis is degraded in
lysosomes, and the resulting active adducts of DXR
are released and distributed to target organelles.

The present investigation concluded that the
lysosomal degradation of protein-conjugated DXR
taken up by endocytosis, the so-called endocytic/
lysosomal system and the liberation of the active
adduct of DXR, must be essential stages in the
expression of cytotoxicity. However, further inten-
sive investigations are necessary to elucidate the
precise role of protein-conjugated DXR in the
expression of cytotoxicity against tumor cells, in-
cluding MDR cells.
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