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ABSTRACT

The multiple drug-resistant human lymphoblastic leukemic cell, CEM/
VLBim, in which P-glycoprotein (P-170) is overexpressed, has a lowered
content of l>sosomal enzymes, such as Â¿Y-acetylglucosaminidaseand ft-
galactosidase, and the relative rates of secretion of these enzymes are
significantly greater than those of its drug-sensitive counterpart, CEM.
The ability of CEM/VLB,oo cells to accumulate ['H|vinblastine (['HI-

VLB) is also greatly reduced. Multiple drug-resistant cells whose mode
of resistance is not associated with P-170 do not have reduced enzyme
content, and their rate of secretion is the same as that of their drug-
sensitive parents. Linkage of drug and enzyme elimination is suggested
by the observation that verapamil inhibits both the efflux of |'I I|\ I li

and the secretion of lysosomal enzymes in CEM/VLB10ocells; the content
of both | 'I l|\ I I! and enzyme increases in these cells when chronically

exposed to verapamil. Eurther, both secretion of /V-acetylglucosaminidase
and efflux of |JH|VLB by CEM/VLB,oo cells are enhanced by the addition
of NaCl to the suspending, sucrose-containing medium.

When cells have taken up | 'I I|VI,11and are then fractionated by means

of a Percoli centrifugation gradient, the distribution of drug among the
various populations of vesicles is similar to that of /V-acetylglucosamini-
dase. Losses of both enzyme and drug take place from these vesicular
populations to varying degrees, when CEM/VLBioo cells are induced to
secrete.

It is proposed that, in a multiple drug-resistant cell such as CEM/
VLBÂ»Â»,the presence of P-170 in the plasma membrane may, in some
indirect manner, lead to increased exocytosis of lysosomal enzyme, ulti
mately resulting in a significant depletion of enzyme. Further, a toxic,
cationic drug such as vinblastine, accumulating in lysosomes and acidic
vesicles, is also eliminated from the cell by exocytosis. This pathway
may supplement the known, major mode of efflux directly involving P-
170.

INTRODUCTION

The development of MDR4 (1-4) is a major problem in the

chemotherapy of cancer (5) and malaria (6). The resistant cell
is cross-resistant to a variety of lipophilic, slightly basic drugs
belonging to the anthracycline and Vinca alkaloid families,
among others. A major type of resistance is associated with an
increase of P-170 in the plasma membrane. The increase is due
to an overexpressed and often amplified gene in a single family
of related genes (1-4). However, P-170 is found in normal cells
of liver, kidney, colon, and jejunum (7), which fact implies that
it has a normal physiological function. P-170, which can bind
both drugs and ATP (1-4), is generally considered to be a

transporter of drugs that extrudes drugs from the cell in an
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energy-dependent manner, thus decreasing the concentration
of toxic drugs within the cell to a relatively harmless level. The
process of resistance is probably considerably more complex,
since influx of drug is markedly reduced in some MDR cells
(1-4).

This work examines the relationship of MDR to lysosomal
enzyme secretion. It has been known since 1970 that the levels
of lysosomal enzymes are greatly reduced in drug-resistant cells
(8-10). Because the lysosomes and acidified cytoplasmic vesi
cles can be sites of concentration of basic, protonated cytotoxic
drugs (1, 11-14) where they may be either sequestered, de
stroyed, or from which they can be eliminated by exocytosis, a
special role for these intracellular vesicles has been suggested
in MDR (1, 15, 16). In this paper, we show that CEM/VLB,00,
an MDR cell associated with an increase of P-170, has a low
steady-state level of lysosomal enzymes, including NAGA, and
is capable of secreting a relatively greater fraction of its NAGA
than the drug-sensitive cell. Overexpressed P-170 is also accom
panied by an increased capacity to eliminate [3H]vinblastine, an

observation that has been made previously using several kinds
of drugs and MDR cells (17-19).

Data are presented that suggest that increased elimination of
toxic drugs and lysosomal enzymes may be linked in the MDR
cell containing P-170 and could be the basis, at least in part,
for both the low intracellular levels of drugs and lysosomal
enzymes.

MATERIALS AND METHODS

Cell Lines

CEM and CEM/VM-1 cells were obtained from W. T. Beck; CEM/
VLBÂ»Â»cells (20) were provided by Z. Steplewski, Wistar Institute.
These were maintained in RPMI-1640 (Gibco, Grand Island, NY)
containing 10% fetal calf serum (Gibco) in a 5% CO2 atmosphere at
37Â°C.Resistant cells were grown in the presence of 0.4 Mg/ml of VLB.

Both drug-sensitive (CEM) and -resistant cells (CEM/VLB100, CEM/
VM-1) (21) doubled every 24 h and were harvested when there were
0.9 to 1.2 x IO6cells per ml of culture medium. HL60, anthracycline-
resistant HL60/AR, and vincristine-resistant HL60/viâ€žccells (22, 23),
obtained from M. S. Center, were cultured in the same medium and
under the same conditions as were the CEM cells. P-170 could not be
detected in drug-resistant HL60 cells (24).

Secretion of Lysosomal Enzymes

Cells were washed with TMSucrose and then assayed for secretion
of NAGA, a lysosomal hydrolase that is secreted in parallel with several
other lysosomal enzymes (25), though not with acid phosphatase. This
enzyme differs from the others in its increased binding to lysosomal
membrane (26) and its decreased rate of secretion (25). Two secretion
assays were used.

"Fast" Assay. This assay was performed as described previously (25).
Briefly, cells (1.5 to 2.0 X IO6)were suspended in 0.5 ml of TMSucrose

or in TMSucrose: 150 mM NaCl containing various factors to be tested.
After gentle rocking at 37Â°Cfor 30 min, the suspension was centrifuged,

the supernatant was removed, the cell pellet was homogenized in cold
0.5-ml TMSucrose solution, and aliquots of supernatant and homoge-
nate were assayed for NAGA at pH 4.7 using either /7-nitrophenyl- or
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umbelliferyl-iV-acetylglucosaminide as substrates. Assays for acid phos-
phatase, 0-galactosidase, and other hydrolases were carried out using
appropriate /Miitrophenyl and umbelliferyl substrates (25). Secretion
was linear with time for 30 min, at which time there was little or no
further loss of enzyme from the cell. Fetal calf serum (10%) had no
effect on secretion in this assay (25). Results are expressed as total
enzyme activity (cells plus incubation medium) and also as the percent
age of the total enzyme secreted in 30 min.

"Slow" Assay. This was essentially the same as the "fast" assay
except that the incubation was carried out in 0.5 ml of Dulbecco's
modified Eagle's medium free of phenol red, with 10% fetal calf serum
that had been heated at 60Â°Cfor 10 min at pH 10 to inactivate lysosomal

enzymes, and readjusted to pH 7.O. Secretion under these conditions
took place at approximately one-tenth the rate as in the fast assay.
Assays were done in duplicate, and controls were done in quadruplicate.

Uptake and Efflux of |3H]Vinblastine

The uptake and efflux of pHjvinblastine were measured essentially
by the method of Grant et at. (27). CEM/VLB,oo cells were placed in
medium free of VLB for 1 wk prior to being used in experiments. In
uptake experiments, 4 x IO6cells in 1 ml of TMSucrose solution were
incubated at 37Â°Cwith 0.5 /iCi of pH]VLB and 1.1 pmol (l Â¿ig)of

nonradioactive VLB. At various intervals, aliquots of 100 ^1 of the cell
suspension were pipetted into plastic tubes (0.5 ml) which contained
50 p\ of 6% perchloric acid solution overlayered with 100 fii of Silicone
Fluid ST 1250 (General Electric. Waterford, NY) containing 5% chlo
roform. The capped tubes were immediately centrifuged at 13,000 x g
for 30 s and then frozen in an ethanol/dry ice bath. The tubes were
bisected with a Thomas microtube cutter, the bottom half was immersed
in 5 ml of Formula 963 (NEN) scintillation fluid, and the radioactivity
was determined in an Intertechnique scintillation spectrometer.

In efflux experiments, cells which had already taken up pH]VLB
were washed twice at 0Â°Cwith cold TMSucrose solution and incubated

in TMSucrose or TMSucrose: 150 ITIMNaCl containing 5 miviglucose.
Radioactivity in cells (100-^1 aliquots) was determined by the same
procedure as described. The percentage of radioactivity recovered in
the three layers averaged 96% (19 assays; extreme values, 90 and 105).
The percentage of contaminating radioactivity in the silicone phase
averaged 0.3% (26 assays). Experiments were always carried out in
duplicate. Results are expressed as pmol of vinblastine per 1 x IO6

cells.
Fractionation of Cells. Cells (50 x 10") were incubated with 6 Â¿iCiof

pHJVLB and 0.2 Mgof nonradioactive VLB in a volume of 4 ml of
TMSucrose for 30 min at 37Â°C.The chilled cells were then processed
at 4Â°C.For secretion experiments, the cells were centrifuged at 1,200

x g for 5 min, and the pellet was washed once with 10 ml of cold
TMSucrose and divided into two equal parts, each resuspended in
either 3 ml of TMSucrose or TMSucrose: 150 HIMNaCl. After incu
bation for 30 min at 37Â°C,cells were removed by centrifugation (1,200

x g for 5 min), washed once, suspended in 3 ml of cold TMSucrose
and homogenized in a Dounce homogenizer (7 ml) with a tight pestle
(30 strokes). Further fractionation was according to Merion and Poretz
(28) with some minor variations. A "low speed pellet" was obtained by
centrifuging the cell homogenate at 1,000 x g for 10 min. The "low
speed supernatant" was then centrifuged at 20,000 x g for 20 min. The
resulting "high speed pellet" was suspended in 2 ml of 0.25 M sucrose,

pH 7.0, and placed on a cushion of 2 ml of 0.35 M sucrose which
overlay 11 ml of a suspension of 18% Percoli in 0.25 M sucrose in
Beckman ultraclear tubes (16 x 102 mm). At the bottom of each tube
were 2 ml of 2.5 M sucrose. Final centrifugation took place at 120,000
x g for 2.5 h in an SW 27 head of a Beckman ultracentrifuge. Fractions
(0.5 ml) were harvested from the bottom of the tube by a syringe fitted
with a long No. 15 needle with a bent end. Fractions were withdrawn
and directly delivered to tubes by means of a three-way syringe stopcock.
Proteins were determined by the method of Lowry et al. (29), and
galactose transferase activity was determined by measuring the transfer
of the pHjgalactose from UDP-[l-'H]galactose to ovalbumin (30). 5'-

Nucleotidase was measured in 0.05 MTris-HCl buffer (pH 8.0):0.2 mivi

MgCl; containing 0.3 miviAMP; the final volume was 0.3 ml. Incuba
tion was for 1 h, and released phosphate was measured by the method
of Berenblum and Chain (31).

Materials Used. Umbelliferyl glycosides were obtained from Boeh-
ringer Mannheim Biochemicals, Indianapolis, IN. pH]-(G')]Vinblastine

sulfate, 20 Ci/mmol, was from Moravek Biochemicals, Inc., Brea, CA.
A single peak of material was seen upon high-pressure liquid chroma-
tography analysis by the producers, 1 day prior to shipment in dry ice.
Upon arrival, the radioactive drug was divided into small aliquots and
stored at -85Â°C until used. L-['5S]Methionine, 1169 Ci/mmol, and
UDP-[l-'H]galactose, 10.2 Ci/mmol, were from New England Nuclear,

Boston. MA. Percoli and density marker beads were from Pharmacia,
Piscataway, NJ. All other drugs and reagents were from Sigma Chem
ical Co., St. Louis, MO.

RESULTS

Levels of Lysosomal Enzymes in Drug-sensitive and -resistant
Cells. The total lysosomal enzyme activities of two series of
drug-sensitive and -resistant cells were measured by the p-
nitrophenyl assay. As shown in Table 1, the levels of NAGA
and 0-galactosidase are reduced approximately 80% in the drug-
resistant, human lymphoblastic leukemiccell in which P-170 is
overexpressed (CEM/VLB,0o). The enzyme content of CEM/
VM-1 cells whose drug resistance is associated with an altered
topoisomerase II (21) is not changed significantly (Table 2). On
the other hand, the level of acid phosphatase, which is secreted
at a very low rate, in the "fast" assay, different from other

lysosomal enzymes (25), is the same in drug-sensitive and
-resistant cells. HL60 cells, resistant to Adriamycin, vincristine,
and other anticancer drugs and expressing negligible levels of
P-170 (22-24), also have a total NAGA activity similar to
parental, drug-sensitive cells (Table 2). Thus, a significant re
duction of NAGA, (3-galactosidase, and most probably other
lysosomal hydrolases takes place in the drug-resistant cell in
which P-170 is overexpressed. Relatively low activities of lyso
somal enzymes, except for acid phosphatase, have been ob
served in drug-resistant, malignant cells since 1970 before P-
170 glycoprotein was specifically identified and characterized
(8, 9).

Rates of Secretion of Lysosomal Enzymes. The secretion of
lysosomal enzymes by drug-sensitive and -resistant cells has
been assessed by a recently devised method ("fast assay") in

which cells are bathed in TMSucrose containing 150 HIMNaCl
(25). Secretion, dependent upon the simultaneous presence of
both Na+ and sucrose, is increased at a rate approximately 10-

fold over that of cells in tissue culture medium. Mouse cells
(PyS-2) subjected to the "fast" assay can repeat the secretion in

24 h and are fully capable of division. As in PyS-2 cells, the
cytosolic marker, LDH, is found in negligible amounts (<1%)
in the medium after incubation of CEM and CEM/VLBioo
cells, indicating that they remain intact. LDH levels are no
higher when cells are incubated in TMSucrose than in TMSu
crose: 150 mivi NaCl. Less than 6% of the total protein is found
in the incubation medium, a value that remains the same
whether cells are incubated in TMSucrose, where there is little
secretion (<2%), or in TMSucrose:!50 mivi NaCl, where active
secretion of NAGA takes place.

Using this assay, it has been found that the rate of enzyme
secretion by CEM/VLE,â„¢, cells is significantly increased over
cells without overexpressed P-170 (Tables 2 and 3). Drug-
resistant HL-60 cells without detectable P-170 do not secrete a
greater fraction of their enzyme than do drug-sensitive HL-60
cells, nor is the secretion by CEM/VM-1 cells greater than that
of CEM (Table 2). It should be noted that, since the content of

1997

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/8/1996/2447126/cr0510081996.pdf by guest on 19 M

ay 2023



ENZYME SECRETION BY DRUG-SENSITIVE AND -RESISTANT CELLS

Table 1 Lysosomal enzyme activity of cells sensitive and resistant to drugs
Enzyme activity was estimated as described in "Materials and Methods."

CEM
CEM/VLB.oo%

of reductionTotal

NAGA"143.8

Â±17.8* (16)c

32.9 Â±5.3(16)77.1Total

/3-galactosidase"49.7

Â±6.3 (3)
9.4 Â±2.0(3)81.1Total

acid
phosphatase"17.8

Â±2.6(16)
17.0 Â±3.2(16)4.5Protein

(lig/ 10'cells)59.7

Â±7.7(16)
59.8 Â±4.9(16)

" Substrate hydrolyzed (nmol/106 cells/30 min).
* Mean Â±SEM.
c Numbers in parentheses, number of experiments.

Table 2 Enzyme content and secretion by cells sensitive and resistant to drugs

CEM
CEM/VM-1HL-60

HL-60/AR
HL-60/VINCTotal

acid
Total NAGA"phosphatase"145.7

Â±15.6C 22.9+1.6
168.4+18.1 20.8Â±1.8110.8Â±

14.5
117.2 Â±9.3
108.2 Â±6.1Secretion

of
NAGA(%)*6.8

Â±1.5(6)''

7.6 Â±1.4(6)16.6

Â±3.1(3)17.7
Â±3.5 (3)

18.3+ 1.7(3)
Â°Substrate hydrolyzed (nmol/106 cells/30 min).
* "Fast" assay for secretion of NAGA and acid phosphatase was described in

"Materials and Methods." The percentage of total enzyme secreted in 30 min

when cells are incubated in TMSucrose: 150 mM NaCl is given.
c Mean Â±SEM.
rfNumbers in parentheses, number of experiments.

lysosomal enzymes of the drug-resistant cell, CEM/VLBioo, is
considerably lower than that of drug-sensitive cells, the absolute
amount of enzyme secreted by resistant cells is, in fact, lower.
The point can be made that despite the low enzyme level, the
resistant cell persists in secreting a relatively greater fraction
than does the drug-sensitive cell.

We have also measured the relatively slow secretion of NAGA
by cells in tissue culture medium in which lysosomal enzymes
of fetal calf serum of the medium have been inactivated. In this
"slow" assay, which may be more physiological than the "fast"

assay, the rate of secretion of NAGA by CEM/VLBioo cells is
elevated more than 3-fold. In 4 h, CEM cells secrete 1.9 Â±
0.3% of their NAGA, while CEM/VLB100 cells secrete 6.7 Â±
1.0% (n = 5).

Acid Phosphatase. In the experiments described, NAGA was
used as a typical, representative lysosomal enzyme, as was
justified by our previous studies showing that secretion of
several other lysosomal glycosidases and a protease under var
ious circumstances is similar to that of NAGA (25). However,
the behavior of lysosomal acid phosphatase is consistently
different in that TMSucrose: 150 mM NaCl does not induce
secretion of enzyme. The data in Table 3 show that the rates of
secretion of acid phosphatase by drug-sensitive and -resistant
cells are low and not significantly different. Further, unlike
NAGA or 0-galactosidase, the total activities of lysosomal acid
phosphatase in the drug-sensitive cells and corresponding drug-
resistant cells are approximately the same (Tables 1 and 2). It
is likely that this similarity is closely associated with the very
low rate of secretion of acid phosphatase by sensitive and
resistant cells.

Effect of Verapamil on the Cellular Levels of Lysosomal
Enzymes and Vinblastine. Verapamil has been used clinically to
enhance the effectiveness of toxic anticancer drugs in MDR
cells by increasing influx and reducing the efflux of drugs,
thereby increasing their intracellular concentration (32-34).
However, the action of verapamil is probably more complex,
for it may redistribute the anticancer drug within the cell (14,
35). Our experiments have shown that a maximum accumula
tion of [3H]VLB by CEM/VLB100 cells is effected by verapamil

at a concentration of 50 /Â¿M,3.4 Â±0.6 times greater than
controls (n = 4). Consistent with the findings of others (32-
34), we have observed that the increased accumulation results
from a reduction in the rate of efflux by approximately 50% as
well as by an increase in the rate of entry. Verapamil not only
decreases efflux of [3H]VLB, but it also inhibits the secretion

of NAGA maximally, by approximately 50%, at a concentration
of 50 MM,as measured by the "fast" assay. Both the enhanced
accumulation of [3H]VLB and the reduction of secretion of

NAGA occurring in cells suspended in TMSucrose solution can
be observed within minutes of exposure of CEM/VLBIOO cells
to verapamil. On the other hand, the increase in NAGA content
by MDR cells is relatively slow. After 15 h of culture in the
presence of verapamil, the cellular activity of NAGA increases
64.8 Â±11.5% (n = 5). No significant increase is seen after 30
(or 120) min, the time of incubation of cells in routine assays
for [3H]VLB uptake and secretion of NAGA. We suggest that
the steady-state level of NAGA in the MDR cell slowly in
creases as its secretion is reduced, but not abolished, by vera
pamil. This is a long-term consequence of a rapidly initiated
inhibition. The short-term changes induced by verapamil on
the patterns of distribution of NAGA and [3H]VLB in a Percoli

gradient (see below) were variable. In general, increases were
observed in the sizes of the top, middle, and bottom peaks of
the gradients, but relative sizes were inconsistent from one
experiment to another (data not shown). Acid phosphatase,
whose secretion is minimal and apparently independent of the
resistant state of the cell, increased only 14.6 Â±6.4% (n = 5).

Effect of NaCl on Secretion of Enzyme and Efflux of VLB. As
seen in Tables 2 and 3, cells bathed in TMSucrose: 150 mM
NaCl secrete NAGA at a relatively rapid rate. While the MDR
cell, CEM/VLBioo, secretes at a greater rate than its drug-
sensitive counterpart, CEM, MDR cells whose resistance is not
associated with overexpression of P-170 (CEM/VM-1, HL-
60/AR, HL-60/viNc) do not secrete more than their drug-sensi
tive parents.

Cells loaded with [3H]VLB and then suspended in TMSu

crose lose significant amounts of drug to the medium. However,
in each of 5 comparative experiments, efflux from cells sus
pended in TMSucrose: 150 mM NaCl was always greater than
from cells in TMSucrose alone (Fig. 1). NaCl in TMSucrose

Table 3 Secretion of enzymes by cells sensitive or resistant to drugs
NAGA and acid phosphatase were measured by the p-nitrophenyl assay and

/j-galactosidase by the umbelliferyl assay.

% of total enzyme secreted"

CEM
CEM/VLB.ooNAGA8.8

Â±1.6*(7)r

14.4 Â±2.3(7)Â¡j-Galaclosidase5.7
Â±0.6 (3)

11.1 Â±0.9(3)Acid

phosphatase2.4

Â±1.0(4)
1.0Â±0.4(4)

' "Fast" assay used. Results are expressed as the percentage of total enzyme

secreted in 30 min when cells are incubated in TMSucrose: 150 mM NaCl.
* Mean Â±SEM.
c Numbers in parentheses, number of experiments.
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Fig. 1. Efflux of I'HJvinblastine from CEM (A) and CEM/VLB,Â«, (B) cells in
either TMSucrose (O) or TMSucrose: 150 mM NaCl (â€¢).Cells were loaded with
(3H]VLB for 30 min and then washed once with cold TMSucrose before meas
urement of efflux as described in "Materials and Methods." The SEM was <11%

of the means of 5 experiments, which are the plotted values.

not only induces cells to secrete more lysosomal enzyme; it also
stimulates efflux of VLB.

Rate of Synthesis of NAGA by CEM and CEM/VLB Cells.
The low level of NAGA in CEM/VLB100 cells (Table 1) could
be accounted for by reduced synthesis. To test this possibility,
CEM and CEM/VLB,0o cells were grown for various lengths
of time in the presence of [35S]methionine in methionine-free

medium. After 2 h, the specific activities of CEM and CEM/
VLBioo were 39.4 and 43.1 cpm/Vg of cellular protein, respec
tively. The cells were washed and incubated in nonradioactive
medium, and in 2 h, the specific activities of the total cell
protein of the two cells fell to 30.8 and 34.9, respectively. To
determine the rate of synthesis of the enzyme itself, NAGA was

separated from 35S-labeled cell proteins using an antiserum
against ÃŸ-hexosaminidase A kindly provided by E. F. Neufeld.
This polyclonal antibody had been used for quantitative im-
munoprecipitation in surveys of (3-hexosaminidase; her proce

dure was followed (36). In two experiments, it was found that,
after 0.5, 1, and 2 h of labeling, the differences in the immu-

noprecipitable specific radioactivities in NAGA from CEM and
CEMVLBioo cells differed by less than 20%. The development
of multiple drug resistance in the CEM cell does not signifi
cantly alter the rate of synthesis of protein as a whole, or of
NAGA, specifically.

Distribution of Vinblastine and NAGA within the Cell. CEM/
VLBioo cells were exposed to [3H]VLB for 30 min, washed with

cold TMSucrose, and then incubated in either TMSucrose
where little secretion of NAGA takes place or TMSucrose: 150
mM NaCl in which secretion is promoted (25). Cells were
homogenized and fractionated by differential centrifugation.
The fraction sedimenting between 1,000 and 20,000 x g (20
min) contained approximately 40 to 45% of the radioactivity
and 40 to 50% of the total cellular NAGA. This fraction, which
is the major VLB-containing fraction of the cell, was further

analyzed on a Percoli gradient.
The profiles seen in Fig. 2 show that vinblastine accumulates

in all of the vesicular fractions in which NAGA resides. Al
though NAGA and [3H]VLB peaks are in the same location in

a continuous gradient, it is possible that they are not present in
the same vesicles. The peak at the top of the gradient (Tubes 1
to 7) contained markers for plasma membrane (5'-nucleotidase)

and Golgi (galactosyl transferase). These markers were not
found in the middle and lower peaks. When centrifuged at
160,000 x g for 90 min, approximately 70% of the radioactivity
and NAGA of material in Tubes 1 to 7 sedimented. The middle
peak (Tubes 12 to 18, endosomes) and lowest peak (Tubes 25
to 30, secondary lysosomes) are presumably acidified. When
cells were induced to secrete NAGA in a sucrose-NaCl medium,
there was a sharp decline in the pH]VLB in the vesicles of the
middle and lower peaks (Fig. 2A), while most of the secreted
NAGA came from the lower, secondary lysosomal peak (Fig.
2B). From Fig. 2, it appears that the relative loss of [3H]VLB

and NAGA from various sites within the cell differed and that
these populations of vesicles participated to different extents in
the elimination of [3H]VLB and NAGA from the cell. The

involvement of the vesicles in the different peaks may vary from
one cell type to the other. For instance, when the murine yolk
sac cell, PyS-2, in TMSucrose was induced to secrete by the

addition of 150 mM NaCl, most of the secreted NAGA came
from the least dense population of vesicles (Tubes 1 to 7) and
middle peak, while almost none derived from the secondary
lysosomes (data not shown).

Radioactive VLB taken up by the cell appeared to be within
the vesicle, since less than 25% of radioactivity was rendered
soluble by exposure of the vesicles to trypsin at pH 8.0 for 30
min, and the profile of radioactivity after centrifugation on a
Percoli gradient of a trypsin-treated preparation was essentially

the same as that of the untreated (data not shown). Cornwell et
al. (37) exposed isolated vesicular plasma membrane fractions
of drug-sensitive and -resistant cells to [3H]VLB and were able

to remove most of the radioactivity taken up by exposure of the
radioactive vesicles to trypsin. Their profiles of radioactivity
after Percoli gradient centrifugation (37) differed considerably
from those seen in Fig. 2.
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|'H]Vinblastine
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1 0
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N-acetylglucosaminidase
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BOO
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Fig. 2. CEM/VLBioo cells were loaded with ('H)VLB and washed with cold
TMSucrose as described in "Materials and Methods." Half the cells were sus

pended in TMSucrose and half in TMSucrose: 150 ITIMNaCI. After 30 min at
37'C, the cells were processed as described in "Materials and Methods." Each

fraction from the Percoli gradients was assayed for radioactivity (A) and NAGA
(B) (umbelliferyl assay). After 30 min, cells in TMSucrose or TMSucrose: 150
mM NaCI had lost 55rÃand 70CÃ•of their radioactivity, respectively. Cells in
TMSucrose: 150 mM NaCI had secreted 20.3% of their NAGA: â€¢,material from
cells incubated in TMSucrose: O. material from cells incubated in TMSucrose: 150
HIMNaCI. Density throughout the gradient was measured by Pharmacia density
marker beads.

DISCUSSION

In this paper we have presented data confirming earlier
observations that the lysosomal enzyme content of multiple
drug-resistant cells is significantly lower than that of their drug-
sensitive parents (8-10). However, the enzyme content has been
found to be low only in an MDR cell associated with overex-
pressed P-170 (CEM/VLB100) and not in other MDR cells
whose resistance is not linked to the presence of P-170. Our
data suggest that drug resistance linked to P-170 and enhanced
elimination of drug (17-19, 38, 39) is, in some unknown
manner, coupled to the increased secretion of lysosomal en
zymes. This could result in lower resting levels of enzymes in
view of the finding that the rate of synthesis of a typical
lysosomal enzyme, NAGA, is approximately the same in CEM
and GEM/VLB,Â«) cells. MDR cells without detectable P-170
secrete NAGA no faster than do their parental lines.

The relative hypersÃ©crÃ©tionof both VLB and NAGA by
CEM/VLBioo cells is consistent with the data of Sehested et al.
(40) who found an increased trafficking (recycling) of surface

membrane material in the MDR cell and suggested that this
may be associated with increased drug extrusion. Basic, toxic
drugs accumulating in the lysosomes and acidic vesicles could
be eliminated from the cell along with lysosomal enzymes by
increased exocytosis that is in some manner related to P-170
in the plasma membrane (1, 16, 41). It has been suggested that
P-170 destabilizes the plasma membrane and that this might,

in an indirect manner, enhance exocytosis (1). However, it is
likely that exocytosis is only one of several mechanisms, such
as diffusion and P-170 efflux pumping, by which the cell elim

inates drugs. The exocytotic process involved in this paper
could account for only a part of the loss of drug in the MDR
cell.

The notion of linkage of drug efflux and enzyme secretion is
supported by the observations that both the elimination of VLB
and secretion of NAGA are significantly increased by incubat
ing MDR cells in TMSucrose: 150 mM NaCI medium. Further,
verapamil, which decreases efflux of VLB and secretion of
NAGA, raises the steady-state levels of both. These data are

consistent with the results of experiments in which exposure of
multiple drug-resistant B16 cells to verapamil inhibited the

secretion of melanin and potentiated the action of daunorubicin
(16).

Inhibition of efflux of drugs is believed to follow from a direct
interaction of verapamil with P-170 (41). However, there is no

evidence that the inhibition of secretion of lysosomal enzymes
directly involves P-170. We suggest that verapamil may inhibit
a fraction of the total efflux of drug by its inhibition of exocy
tosis, and it also inhibits the major component of efflux by
direct interaction with P-170.

Acid phosphatase differs from other lysosomal enzymes in
that its release from the lysosome and its membrane is delayed.
It is transported to the lysosome as a transmembrane protein,
independent of mannose-6-phosphate receptors (26), and it is
not secreted in the "fast" assay like the other, soluble lysosomal

enzymes (25). In contrast to other lysosomal enzymes, the level
of this enzyme is not reduced in the MDR cell and is only
slightly elevated when MDR cells are cultured in the presence
of verapamil. In a sense, acid phosphatase serves as an internal
control for secretable, lysosomal hydrolases.

Exposure of cells to pH]VLB, followed by fractionation,
reveals that the drug is rapidly taken up into vesicles which
have the same density and are probably identical to the vesicles
containing NAGA. When cells are stimulated to secrete, NAGA
and VLB are lost from these vesicles. However, the vesicle
populations are depleted to different extents. Rates of entry
and exit of ['H]VLB from vesicles of drug-sensitive and

-resistant cells are now being studied.
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