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Malignant Transformation Alters Intracellular Trafficking
of Lysosomal Cathepsin D in Human Breast Epithelial Cells
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Increased expression and alteration of intracellular
trafficking of lysosomal cathepsins have been re-
ported in malignant tumors, or in cells transformed
by the transfection with the ras oncogene. In the
present study, immortal MCF-10A human breast
epithelial cells were transformed with the mutated
ras oncogene. Both cell lines were investigated for
changes in the intracellular localization of lysoso-
mal cathepsin D and lamp-1 (lysosome-associated
membrane protein) employing specific antibodies
and confocal immunofluorescence microscopy. The
results revealed that staining for cathepsin D along
with for lamp-1 was mostly localized in the perinu-
clear region of MCF-10A cells. In contrast, the stain-
ing for these proteins was found to be widely dis-
tributed throughout the cytoplasm and at the cell
periphery in MCF-10AneoT cells. The organization
of microtubules, but not actin, appeared to differ
between MCF-10A cells and their oncogenic ras
transfectants. When the microtubules were depoly-

merized by treatment of MCF-10A cells with noco-
dazole, vesicles containing the lysosomal cathepsin
D were dispersed in the cytoplasm and transloca-
tion of these vesicles to the cell periphery was
observed. The intracellular localization of cathepsin
D in the nocodazole-treated MCF-10A cells seemed
to be similar to that observed in the oncogenic ras
transfectants of these cells. When taxol, which
inhibits microtubule depolymerization, was added
to the culture medium of neoT cells, a polymerized
microtubule network was observed, and the reclus-
tering of cathepsin D and lamp-1 occurred in a uni-
directional manner towards the perinuclear region.
These findings support a model in which cytoskele-
tal microtubule organization is closely related to the
trafficking of lysosomes/endodomes, and in which
oncogenic ras interferes with such organization in
human breast epithelial cells. (Pathology Oncology
Research Vol 4, No 4, 283-296, 1998)

Key words: cathepsin D, aspartic proteinase, lamp, microtubule, trafficking, breast cancer, Ras

Introduction

An increased expression of lysosomal cathepsins has
been reported for a variety of human and animal tumors.
Altered expression and localization of lysosomal cathep-
sins are considered to play important roles in the prolifer-
ative, invasive, and metastasizing process of malignant
cells, particularly because of their destructive effects on
the extracellular matrix (reviewed by Sloane et al.**)
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Lysosomal cysteine proteinases, cathepsins B and L,
have been implicated in tumorigenesis and reported to be
associated with plasma membranes of a wide variety of ani-
mal and human tumors and transformed cells.*'“**
Similarly, cathepsin L was shown to be overexpressed and
secreted from c-Ha-ras oncogene transformed mouse fibro-
blast cell lines."” The secretion from and/or plasma mem-
brane association of cathepsin B,H,L, and D in tumor cells
has been implicated in tumor invasion and metastasis.'* In
human breast carcinoma, cathepsin D, a major lysosomal
aspartic proteinase, was shown to be overexpressed at the
mRNA and protein levels; in vitro studies indicated that
considerable amounts of cathepsin D were secreted into ext-
racellular media of the cultured cell lines which might lead
to degradation of basement membrane and metastasis.*'*
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Several clinical studies have correlated a high level of
cathepsin D expression with increased risk of metastasis in
breast cancer patients.*'*** Thus increased expression and
secretion of lysosomal cathepsins in malignant tumors pos-
sibly reflect a series of alterations in intracellular trafficking
resulting in the delivery of cathepsins to lysoso-
mes/endosomes in the cell periphery or secretion. Recently
it was demonstrated that c-Ha-ras oncogene was capable of
transforming the spontaneously immortalized human breast
epithelial cell line MCF-10A.*** The diploid MCF-10A
human breast epithelial cell lines originated from sponta-
neous immortalization of breast epithelial cells obtained
from a patient with fibrocystic disease, and celi line MCF-
10AneoT was created with mutated c-Ha-ras. MCF-
10AneoT cells were reported to have a transformed pheno-
type, be capable of indefinite proliferation, invade through
Matrigel in vitro,”” and be tumorigenic in nude mice.”' In
contrast, MCF-10A cells are non-tumorigenic.**' In breast
cancer cells, it has been shown that the transfection of
mutated ras oncogenes increases their invasiveness' and
metastatic ability,”? partly due to increase in the expression
of lysosomal cathepsins. In MCF-10AneoT cells, it was
published previously™*’** that a more peripheral distribu-
tion of cathepsins B, and D was observed, while in the pa-
rental MCF-10A cells, cathepsins B and D were primarily
colocalized in the perinuclear vesicles. These results suggest
that lysosomal cathepsins B and D are redistributed towards
the cell periphery in ras-transfected neoT cells where they
may participate in the degradative or invasive processes.

Previous studies demonstrated that intracellular translo-
cation and clustering of endosomes and lysosomes depend
on microtubule organization, because the microtubule-dis-
rupting agent nocodazole inhibits the movement of endo-
somes and lysosomes toward the microtubule organizing
center.”® Also an acidic pericellular pH has been shown to
induce a redistribution of vesicles staining for cathepsin B
toward the cell periphery, and enhanced secretion of active
cathepsin B.*® Both the redistribution of vesicles staining
for cathepsin B toward the cell surface induced by acidic
pH and induced secretion of active cathepsin B could be
inhibited by microtubule poisons, therefore, it was sug-
gested that translocation and secretion of cathepsin B are
dependent on a functional microtubular system.*

To date, there is no paper demonstrating the mechanism
by which intracellular movement and trafficking of lyso-
somal cathepsins is altered in ras-transformed cells. In the
present study we have examined by confocal immunoflu-
orescence microscopy whether c-Ha-ras-transfection
results in depolymerization of microtubules thereby alter-
ing the intracellular trafficking of lysosomal cathepsin D.
The results presented in this paper suggest that the translo-
cation of lysosomes/endosomes toward the cell periphery
may be closely correlated with microtubule reorganization
by mutated ras in the MCF-10AneoT cells.

Materials and Methods
Materials

Protein A Sepharose CL-4B, and the molecular weight
mass markers for immunoblotting were from Pharmacia
Biotech (Piscataway, NJ, USA). The enhanced chemilumi-
nescence reagent for staining the immunoreactive bands
after immunoblot experiments was purchased from DuPont
NEN (Mass, USA). A monoclonal anti-human lysosome-
associated membrane protein-1 (lamp-1) H4A3 was pur-
chased from the Developmental Studies Hybridoma Bank
maintained by the Department of Pharmacology and
Molecular Sciences, Johns Hopkins University School of
Medicine (Baltimore, MD, USA), and the Department of
Biological Sciences, University of Iowa (Iowa City, IA,
USA), under contract NO1-HD-2-3144 from the National
Institute of Child Health and Human Development. A mo-
noclonal antibody to a-tubulin was purchased from Amer-
sham (Arlington Heights, IL, USA). Mouse H1 monoclonal
IgG to kinesin heavy chain and mouse monoclonal IgG2b to
dynein were obtained from Chemicon International INC
(Temecula, CA, USA). Fluorescein isothiocyanate (FITC)
and Texas red-labeled affinity-purified goat anti-rabbit IgGs,
and FITC and Texas red-labeled affinity-purified goat anti-
mouse IgGs and normal goat serum were purchased from
Jackson ImmunoResearch (West Grove, PA, USA). FITC-
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Figure 1. Immunoblot analysis of human cathepsin D. The hu-
man cathepsin D was applied to SDS-PAGE followed by immu-
noblot analysis. The immunoblot analysis was done with specif-
ic IgG against rat liver lysosomal cathepsin D after SDS-PAGE.
Lane 1, rat liver lysosomal fraction; lane 2, human cathepsin D.
The cathepsin D polypeptides on the left are indicated by their
apparent molecular weights ( in kilodaltons).
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conjugated phalloidin, Texas red-conjugated phalioidin, and
SlowFade anti-fade reagent were purchased from Molecular
Probes (Eugene, OR, USA). Nocodazole, taxol, and
cytochalasin D were purchased from Calbiochem-Behring
(LaJolla, CA, USA). Other chemicals were of reagent grade
and were obtained from commercial sources.

Cell Culture and Drug Treatment of Cells

MCF-10A is a diploid human breast epithelial cell line
derived from subcutaneous mastectomy in a patient with
fibrocystic breast disease. This line underwent spontaneous
immortalization in culture and grows attached in the pres-
ence of calcium or floating in the absence of calcium.*
Transfections and cotransfection were performed using the
calcium phosphate method with a plasmid containing the
neomycin resistance gene as a transfection vector with the
mutated (MCF-10AneoT) c-Ha-ras.* MCF-10A cells and
MCF-10AneoT stably transfected with the mutated c-Ha-
ras were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s F-12 nutrient mixture, containing 5%
equine serum, supplemented with antibiotics and epidermal
growth factor,>*"** but without amphotericin and cholera
toxin. The depolymerization of microtubules or microfila-
ments was achieved by incubation of cells in culture medi-
um containing 2.5 pM nocodazole for 20 min or 1 uM
cytochalasin D for 20 min at 37°C.

To determine whether stabilization of the microtubules
will result in reclustering of cathepsin D and lamp-1 in
MCF-10AneoT cells, 2 nM taxol, which inhibit the micro-
tubule depolymerization, was added to the culture medium
and incubated for 4 hr.

Preparation of Monospecific Anti-Cathepsin D IgG

Cathepsin D was purified to homogeneity as described
previously.”*® Antisera was raised in rabbits (New Zea-
land white male) against the native mature form of rat liver
lysosomal cathepsin D as described previously.”? An IgG
fraction was affinity-purified by protein A Sepharose CL-
4B, followed by immunoaffinity chromatography using
antigen-Sepharose 4B. This antibody has been used here
for staining of cathepsin D in human cells. The purified
monospecific anti-cathepsin D IgG recognizes single-
chain and two-chain forms of the mature enzyme in immu-
noblots."* This antibody has been used previously for stai-
ning of cathepsin D in human normal and tumor tissues.'

Immunoblot Analysis of Cathepsin D
To examine whether anti-rat cathepsin D antibody was
immunoreactive with human cathepsin D, purified human

cathepsin D was obtained from commercial sources (At-
hens Research and Technology, Ga, USA) and this enzyme
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Figure 2. Intracellular localization of cathepsin D and lamp-1 in
MCF-10A cells. Cells were double-labeled to localize cathepsin D
and lamp-1 by immunofluorescence labeling with specific anti-
bodies (for see details in Materials and Methods). Cells were
fixed, and stained with antibodies against cathepsin D and lamp-
1, respectively. The secondary antibodies were FITC-conjugated
anti-rabbit IgG and Texas red-conjugated anti-mouse IgG.
Cathepsin D staining (green fluorescence in A) is concentrated
in punctate structures around the perinuclear region as is lamp-
1 staining (red fluorescence in B). The colocalization of cathepsin
D and lamp-1 in perinuclear lysosomes is evident by the presence
of yellow spots in the superimposed image (C). Bar, 10 ym.



286 NISHIMURA et al

(approximately 200 ng) was subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (10-20%
SDS-PAG Gel Plate, Daiichi Pure Chemical, Tokyo, Ja-
pan) and then immunoblot analysis was performed as
described previously.”?°

The crude lysosomal fraction was prepared from rat
liver as described previously” and a sample of lysosomal
fraction (approximately 100 pg) was taken for the immu-
noblot analysis. For immunostaining, the nitrocellulose
strip was first soaked in phosphate-buffered saline contain-
ing 10% dry milk and 0.05 % Tween for 60 min followed
by incubation with 50 pg/ml of a rabbit monospecific IgG
against rat cathepsin D for 60 min. The strip was then
soaked in horseradish peroxidase-labeled goat anti-rabbit
Fab (Cappel, UK) for 60 min and washed with PBS con-
taining 0.05% Tween three times, and then stained with
chemiluminescence reagent (DuPont NEN, Mass, USA).

Immunofluorescence Microscopy

Celis were grown for 3 days in 6-well plates on glass
coverslips in DMEM-5% equine serum. Cells were fixed
with 3.7% formaldehyde in phosphate-buffered saline
(PBS), pH 7.4, permeabilized in PBS containing 0.1% sapo-
nin. After washing with PBS, cells were blocked with PBS-
2 mg/ml bovine serum albumin. All subsequent antibody
and wash solutions contained 0.1% saponin. Cells were
incubated with specific primary antibodies (rabbit anti-
cathepsin D IgG, mouse anti-lamp-1 IgG, mouse anti-o(-
tubulin IgG, mouse anti-dynein IgG, and mouse anti-
kinesin IgG) for 2 hours and washed. Then cells were incu-
bated for 1 hour with either FITC-conjugated or Texas red-

Figure 3. Immunocytochemical colocalization of intracellular
cathepsin D and lamp-1 in MCF-10AneoT cells. Cells were
double-labeled to localize cathepsin D and lamp-1 by immuno-
fluorescence labeling with specific antibodies as in the legend to
Figure 2. Cells were fixed, and stained with antibodies against
cathepsin D and lamp-1, respectively. The secondary antibodies
were FITC-conjugated anti-rabbit IgG and Texas red-conjugat-
ed anti-mouse IgG. Superimposed images of cathepsin D and
lamp-1 in neoT counterpart transfected with oncogenic ras cell
lines (C) is shown. Intracellular expression of cathepsin D
appears to be increased in neoT cells (A) and cathepsin D stain-
ing is present in small punctate structures in the cell periphery
and perinuclear region. Lamp-1 staining (B) is also seen in
small punctate structures throughout the cytoplasm. Merging
of the images results in colocalization in the perinuclear region
of neoT cells (C). However, part of the staining in the cell
periphery is distinct with structures that stain for cathepsin D,
but not lamp-1. Threre are also some lamp-1 positive structures
that do not stain for cathepsin D. Note that the colocalization
of cathepsin D and lamp-1 in perinuclear lysosomes of neoT
cells (C) is evident by the presence of yellow spots in the super-
imposed image. Bars, 10 ym.

conjugated affinity-purified goat anti-rabbit IgG and FITC-
conjugated or Texas red-conjugated affinity-purified goat
anti-mouse IgG at 20 pg/ml, followed by three washes in
PBS containing 0.1 % saponin. For actin staining, cells
were incubated with FITC-phalloidin or Texas red-phal-
loidin (diluted to 1 U/ml) for 30 min at room temperature
followed by three washes PBS containing 0.1 % saponin. In
controls, either preimmune serum (rabbit or mouse) was
substituted for the primary antibody or no primary antibody
was used. To depolymerize microtubules, nocodazole dis-
solved in DMSO was added to the culture medium to a final
concentration of 2.5 UM and incubated for 20 min before
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cell fixation. In some experiments, MCF-10AneoT cells
were incubated for 4 hr in the presence of 2 nM taxol at
37°C. To depolymerize microfilaments, cytochalasin D was
added to the cell culture medium to a final concentration of
1 uM and incubated for 20 min. Finally, cells were mount-
ed with SlowFade anti-fade reagent and observed on a Zeiss
LSM310 confocal laser scanning microscope. Images were
converted to TIFF format, and contrast levels of the images
were adjusted using Adobe Photoshop software (Adobe
Co.) on a Power Macintosh (7600/120; Apple Computers).

Results

Altered intracellular localization of cathepsin D in human
breast epithelial cells transfected with mutated ras

Alterations in subcellular distribution of lysosomal
cathepsins B and D were observed in human breast
epithelial cells transfected with oncogenic ras, but not
with wild-type ras.***"* An increased association of
cathepsin B with plasma membrane/endosomal fractions
could be demonstrated by immunocytochemical staining,
suggesting that an alteration in the trafficking of cathep-
sin B is closely linked to malignant progression in epithe-
lial cells.* Here we tried to determine by confocal
immunofluorescence microscopy whether there was an
alteration in the intracellular localization of the lysosomal
aspartic proteinase cathepsin D between the parental
MCF-10A cells and the MCF-10AneoT cell line created
with mutated c-Ha-ras.

First, we sought to demonstrate that the purified anti-rat
cathepsin D antibody was indeed immunologically cross-
reactive with human cathepsin D. When purified human
cathepsin D was applied to SDS-PAGE and reacted with
anti-cathepsin D antibody in the immunoblot analysis, as
shown in Figure I, human cathepsin D was found to be im-
munoreactive with anti-rat cathepsin D antibody. The im-
munoreactive molecular forms of the human cathepsin D
were slightly different from that of rat cathepsin D. The
results indicated that most of the immunoreactive human
cathepsin D corresponded to the processed form of 30-kDa;
in rat, the immunoreactive band of cathepsin D was the sin-
gle-chain 42-kDa form.

The activated mutant of ras induces a change in cell
morphology, producing cell processes and protrusions, as
well as affecting the intracellular trafficking of lysosomal
cathepsins.* These results suggest that there is a link bet-
ween lysosomal protein traffic and cytoskeletal organiza-
tion in the breast epithelial cells. Indeed, the cell shapes
were apparently different between subconfluent wild-type
MCF-10A and subconfluent mutated ras tarnsfectants
(MCF-10AneoT). A dramatic change in cell shape occur-
red in the ras transfectants, including the formation of cell
processes (data not shown).
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We analyzed the intracellular localization of cathepsin
D and lamp-1, lysosome-associated membrane protein,
both in the MCF-10A and its ras transfected counterpart
by confocal immunofluorescence microscopy. To deter-
mine the intracellular localization of cathepsin D and
lamp-1 in wild-type MCF-10A, we double- stained for
cathepsin D and lamp-1 using secondary antibodies con-
jugated to either FITC (Figure 2 A and C) or Texas red
(Figure 2 B and C), respectively. The staining for cathep-
sin D was present in small vesicles in the perinuclear
region (Figure 2 A). Lysosomes as revealed by lamp-1
staining were primarily in the perinuclear region with
fewer in the peripheral cytoplasm (Figure 2 B). Merging
of these images showed that cathepsin D and lamp-1
staining colocalized in some vesicles in the perinuclear
region (Figure 2 C). The colocalization of cathepsin D
and lamp-1 in the perinuclear region corresponded to the
typical pattern of lysosomal vacuoles.

A

Figure 4. Localization of microtubules in MCF-10A cells and
MCF-10AneoT cells. Cells were fixed and stained with anti-
body against o-tubulin as described in Materials and Methods.
Note that in MCF-10A cells (A) the microtubules are organized
into bundles of uniform polarity, but MCF-10AneoT cells (B)
lack such polarized bundles of microtubules. Bar, 10 ym.
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Figure 5. The effect of nocodazole upon microtubule organization and the intracellular localization of cathepsin D and o-tubulin in
MCF-10A cells. Cells were incubated with nocodazole for 20 min (B, D) or without nocodazole (A, C), then cells were fixed, and
stained with antibodies against cathepsin D and o-tubulin, respectively, as described in Materials and Methods. Superimposed images
of cathepsin D or lamp-1 and o-tubulin are shown. In A and B, cells were double-labeled to localize cathepsin D (green fluorescence)
and o-tubulin (red fluorescence) and in C and D, lamp-1 (red fluorescence) and o-tubulin (green fluorescence). Treatment of MCF-
10A cells with nocodazole induces a concomitant loss of lysosome clustering and microtubule organization toward the area of the
microtubule organizing center, and cathepsin D and lamp-1 staining appears to be scattered in the cytoplasm (B, D). Bar, 10 ym.

The MCF-10AneoT cells were more spread than the regulated in the transformed cells although a quantitative
10A cells and exhibited cell protrusions (Figure 3). Cat-  analysis was not performed. Strong staining was found in
hepsin D staining in punctate structures was strong (Figu-  small punctate structures throughout the cytoplasm of the
re 3 A), suggesting that cathepsin D may be somewhat up-  neoT cells (Figure 3 A).

Figure 6. The effect of nocodazole or taxol upon microtubule organization and the intracellular localization of cathepsin D and o-
tubulin in MCE-10AneoT cells. MCE-10AneoT cell lines were incubated with nocodazole for 20 min (B, E) or with taxol (C, F) for
4 h after three washes of culture medium. Then cells were fixed, and stained with antibodies against cathepsin D and a-tubulin,
respectively, as described in Materials and Methods. Cells were double-labeled to localize cathepsin D or lamp-1 and o-tubulin, and
superimposed images of cathepsin D and a-tubulin are shown. In A-C, cells were double-labeled to localize cathepsin D (green flu-
orescence) and o-tubulin (red fluorescence) and in D-F, lamp-1 (red fluorescence) and a-tubulin (green fluorescence). Treatment
of MCF-10AneoT cells with nocodazole does not change the intracellular localization of cathepsin D (B) or lamp-1 (E) which are
scattered in the cytoplasm. In the presence of taxol which promotes tubulin polymerization and inhibits its depolymerization,
cathepsin D (C) and most of lamp-1 (F) staining in punctate structures becomes localized at the perinuclear region. Tubulin gath-
ers in bundles mainly located at the perinuclear region after 4 h of taxol treatment. These results suggest that the alteration of intra-
cellular trafficking of cathepsin D and lamp-1 is correlated with microtubule reorganization in MCF-10AneoT cells. Bar, 10 ym.
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Lamp-1 staining was also seen in the small punctate
structures throughout the cytoplasm and in vesicles at the
plasma membrane (Figure 3 B). Cathepsin D and lamp-1
staining were observed in cell processes, suggesting that

lysosomes are moving into the cell processes and that
cathepsin D may be in the exocytotic pathway. Merging
of the images resulted in some colocalization in the per-
inuclear region of neoT cells (Figure 3 C). However, the

Vol 4, No 4, 1998
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staining pattern in the cell periphery appeared to be dis-
tinct. There were some spots that contained cathepsin D
staining that did not contain lamp-1 staining, and some
lamp-1 positive spots that did not stain for cathepsin D
(Figure 3 C). These results indicate that the increased

small vacuolar structures may be endosomes rather than
lysosomes. Our observations suggest that lysosomal
cathepsin D may be targeted to specialized transporting
vesicles which function in the process of tumor develop-
ment in malignant cells. Also the identification of lamp-1
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positive-lysosomes that do not stain for cathepsin D at the
plasma membrane raises the posssibility that different
classes of lysosomes/endosomes, not as yet identified,
exist within cells.

Alteration of microtubule organization in ras transfectants

In living cells, the intracellular movement of organelles
such as lysosomes and endosomes occurs along micro-
tubules,” yet an active role for microfilaments and inter-
mediate filaments has also been proposed.®”® Therefore,
we examined by confocal immunofluorescence staining
whether microtubule organization was altered in the ras —
transfectants. To probe microtubules, an anti-o-tubulin
monoclonal antibody was used. The immunofluorescence
study revealed that the microtubule organization was
markedly different in the two cell lines. In the parental
MCF-10A cells, microtubules formed uniformly and deve-
loped predominantly in an unidirectional manner from the
microtubule organizing center (Figure 4 A). In contrast,
neoT cells had microtubule bundles in the cell processes;
the microtubule organizing center was difficult to distin-
guish and microtubules developed in random directions
(Figure 4 B).

To delineate the intracellular localization of cathepsin D

or lamp-1 staining in the MCF-10A and neoT cells, we -

double-stained for cathepsin D and o-tubulin or lamp-1
and o-tubulin using secondary antibodies conjugated to
either Texas red or FITC. To study the possible role of
microtubules in translocating lysosomal cathepsin D,
MCF-10A cells were treated for 20 min with 2.5 uM noco-
dazole which disrupts microtubules® and immunofluores-
cence labeling of cells with anti-cathepsin D and o-tubu-
lin or with anti-lamp-1 and o-tubulin was carried out (Fi-
gure 5). Superimposed images of cathepsin D and o-tubu-
lin (Figure 5 A) or lamp-1 and a-tubulin (Figure 5 C) sho-
wed that cathepsin D and lamp-1 is present in small punc-
tate structures in the perinuclear region. When the micro-
tubules were depolymerized by treatment with nocoda-
zole, cathepsin D and lamp-1 labeling became scattered in
the cytoplasm, respectively, (Figure S B, D). In contrast,
no significant effect on the intracellular localization of
cathepsin D or lamp-1 was observed after the addition of
nocodazole to neoT cells (Figure 6 B, E). The organization
of microtubules and localization of cathepsin D and lamp-
1 in nocodazole-treated MCF-10A cells (Figure 5 B, D)
was found to be similar to those in untreated neoT cells
(Figure 6 A, D).

To determine whether stabilization of the microtubules
will result in reclustering of cathepsin D and lamp-1 in
neoT cells, 2 nM taxol, which inhibits microtubule
depolymerization, was added to the culture medium.
After incubation for 4 hr, immunofluorescence labeling
of cathepsin D and o-tubulin or lamp-1 and o-tubulin
was performed. The microtubules were stabilized, and a
polymerized microtubule network was observed (Figure
6 C, F). Furthermore, the reclustering of cathepsin D
occurred in an unidirectional manner towards the area of
the microtubule organizing center (Figure 6 C). Similar
observations were made in regard to lamp-1 staining in
neoT cells in the presence of taxol (Figure 6 F).

These results suggest that enhanced microtubule sta-
bility has an important role in maintenance of lysosomal
cathepsin D and lamp-1 positive vesicles in the juxtanu-
clear region.

Microtubules are involved in the alteration of lysosomal
cathepsin trafficking in ras transfected cells

The loss of the clustering of cathepsin D and lamp-1
towards the microtubule organizing center after micro-
tubule disruption with nocodazole suggested that micro-
tubule motor proteins are involved in their inward move-
ment. It is generally believed that two microtubule motor
proteins are responsible for intracellular vesicular and
organelle transport: the microtubule plus-end-directed
motor protein kinesin is thought to be involved in mem-
brane transport to the plus-end of microtubules, and on the
other hand, cytoplasmic dyneins are involved in minus-
end-directed organelle transport.'®'%

To determine the role of microtubule motor proteins in
regulating the intracellular trafficking of cathepsin D in
neoT cells, immunofluorescence labeling of cytoplasmic
dynein and kinesin using monoclonal antibodies was per-
formed. Double labeling studies with anti-dynein (Figure
7 B) and anti-cathepsin D (Figure 7 A) or anti-kinesin
(Figure 7 D) and anti-cathepsin D (Figure 7 C) in perme-
abilized cells of MCF-10A showed that cathepsin D stain-
ing was observed in small punctate structures in perinu-
clear region (Figure 7 A, C), and that staining for dyneins
and kinesins was also intense in the juxtanuclear region
(Figure 7 B, D).

In contrast, dynein and kinesin staining was spread
throughout the cytoplasm of the ras transfectants and
intense staining at the perinuclear region was not observed
(data not shown).

Figure 7. Colocalization of cathepsin D and microtubule motor proteins in MCF-10A cells. Cells were labeled to localize cathepsin
D (A, C), dynein (B), and kinesin (D) by immunofluorescence staining with respective antibodies as described in Materials and
Methods. The secondary antibodies were FITC-conjugated anti-rabbit IgG (A, C) and Texas red-conjugated anti-mouse IgG (B, D).
Cathepsin D staining (green fluorescence in A, C) is concentrated in punctate structures around the perinuclear region and dynein
(B) or kinesin (D) staining (red fluorescence) is also seen in the perinuclear region. Bar, 10 um.
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Figure 8. Localization of actin filaments in MCF-10A cells and
MCE-10AneoT cells. MCF-10A cells (A) or MCF-10AneoT
cells (B) were fixed, and then filamentous actin was stained
with FITC-phalloidin. Bar, 10 pm.

The actin cytoskeleton is not involved in altered traffick-
ing of lysosomal cathepsin D in MCF-10A cells

Because changes in the actin cytoskeleton are often cor-
related with microtubule rearrangements,”®'” we analyzed
whether there were any changes in the actin network in
neoT cells. Actin cables were stained with the FITC-phal-
loidin. As shown in Figure 8, the actin filament organiza-
tion was found to be similar between MCF-10A cells (A)
and MCF-10AneoT cells (B).

The microfilament cytoskeleton was completely
depolymerized by treating MCF-10A cells (Figure 9B, C)
or MCF-10AneoT cells (Figure 10 B, D) with 1 pM
cytochalasin D for 20 min. Actin cables were stained with
Texas red-phalloidin or FITC-phalloidin and cathepsin D
and lamp-1 were stained with secondary antibody conju-
gated to FITC and Texas red, respectively. The transfec-
tion of ras into the parental MCF-10A cells did not cause
a dramatic change in the actin stress fibers (Figure 10 A,
C). Small punctate structures staining for cathepsin D or

Jlamp-1 were found to be spread throughout the cytoplasm
of neoT cells despite the presence of cytochalasin D which
inhibits actin polymerization (Figure 10 B, D). When the
parental MCF-10A cells were treated with cytochalasin D,
an alteration in the intracellular localization of cathepsin D
and lamp-1 was not observed (Figure 9 B, C). These
results suggest that neither microfilaments nor intermedi-
ate filaments are involved in regulating retention of lyso-
somes in the juxtanuclear region of MCF-10A cells. Thus,
our findings support the notion that the alteration of intra-
cellular trafficking of cathepsin D and lamp-1 may be
closely associated with the reorganization of microtubules
in MCE-10A cells transfected by active ras.

Discussion

The important finding of this study is that the transfec-
tion of activated ras in human breast epithelial cells leads
to a dramatic change in the intracellular localization of
lysosomal cathepsin D and lamp-1 as demonstrated by con-
focal immunofluorescence microscopy. Cathepsin D and
lamp-1 staining was clustered and colocalized around the
perinuclear region in parental MCF-10A cells (Figure 2).
In contrast, in neoT cells expressing the mutant ras gene,
cathepsin D and lamp-1 staining was randomly spread
throughout the cytoplasm and at the cell periphery (Figure
3). Cathepsin D labeling in small punctate structures colo-
calized with lamp-1 staining in the vicinity of the nucleus
in 10A cells. In neoT cells, the cell morphology was
changed and cells had protrusions and processes. Small
vesicles containing cathepsin D seemed to be targeted
towards these cell protrusions. Lamp-1 staining was also
seen in the small punctate structures throughout the cyto-
plasm and appeared to move towards the plasma mem-
brane. Merging of the images resulted in considerable colo-
calization in the perinuclear region in neoT cells ( Figure 3
C), however, costaining in the cell periphery was less pro-
nounced. There were some spots that contained cathepsin
D staining, but not lamp-1. Some lamp-1-positive spots
that did not stain for cathepsin D were observed. Thus
increased small vacuolar structures in neoT cells may be
related to early endosomes rather than lysosomes.*

Sloane et al** previously reported the altered trafficking
and plasma membrane-association of enzymatically active
cathepsin B in MCF-10Aneo T cells as revealed by multi-
ple procedures such as cell fractionation techniques,
immunofluorescent procedures, and immunoelectron
microscopy. They suggested that transport of lysosomes to
the cell periphery may be a mechanism common to cells
that are involved in local degradative and invasive
processes. MCF-10A neoT cells transfected with mutated
ras have been shown to invade through Matrigel in vitro®
and produce preneoplastic lesions in nude beige mice that
progress to neoplasias in 30% of the mice.?' Since trans-
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fection of ras oncogene did not result in increased expres-
sion of cathepsin B in MCF-10A human breast epithelial
cells, they suggested that the induced secretion and/or
membrane-association of active cathepsin B in the ras
transfectants might be related to the invasive process in
neoplastic regions.**** Secretion and plasma membrane-
association of cathepsin B have been documented in tumor
derived cell lines.>'¢***3038.3%40 Therefore, it has been sug-
gested that lysosomal cysteine proteinases could partici-
pate in the local dissolution of the extracellular matrix dur-
ing the invasive stages of the tumor metastasis. Our data
for the altered localization of lysosomal aspartic pro-
teinase cathepsin D in ras transfected human breast epithe-
lial cells suggest this enzyme might also function in tumor
invasion, however, the low pH optimum of cathepsin D
raises a question about an extracellular role for this
enzyme.”

The perinuclear location and the multiple functions of
lysosomes are strongly dependent on the microtubule net-
work and this organized intracellular distribution is dis-
rupted by drugs such as nocodazole which alter micro-
tubule structure, and cause dispersion of lysosomes
throughout the cytoplasm.” The dispersed clusters of lyso-
somes are reclustered to the perinuclear region upon
removal of drug, indicating the involvement of micro-
tubules. In the present study, we have demonstrated that
exposing MCF-10A cells to nocodazole induced a disrup-
tion of microtubule organization and a spreading of
cathepsin D and lamp-1 into the cytoplasm and movement
of these proteins toward the cell periphery (Figure 5).
These findings were in good agreement with the notion
that cytoskeletal structures like microtubules are required
for the intracellular trafficking of lysosomes and endo-
somes. It was also surprising to find that the organization
of microtubules was markedly different in MCF-10A cells
from that in MCF-10AneoT cells in which microtubules
appeared to be disorganized and microtubule bundles were
found in the cell processes (Figure 4). Thus altered intra-
cellular trafficking of lysosomal cathepsin D correlated
well with the disorganization of microtubules. It remains

Figure 9. Cathepsin D and actin localization in MCF-10A cells.
Cells were incubated with cytochalasin D (B, C) for 20 min or wit-
hout cytochalasin D (A), then cells were fixed, and double-staining
was performed. Cells were stained with antibodies against cathep-
sin D (green fluorescence in A, B). Filamentous actin was stained
with Texas red-phalloidin (red fluorescence in A, B). In C, lamp-1
(red fluorescence) and filamentous actin (green fluorescence) were
stained. Superimposed images of cathepsin D or lamp-1 and fila-
mentous actin are shown. In MCF-10A cells, the actin cytoskele-
ton contains stress fibers (A). In contrast, cytochalasin D treat-
ment causes a redistribution of the actin cytoskeleton (B, C). The
effect of cytochalasin D on the intracellular localization of cathep-
sin D and lamp-1 is less pronounced; these lysosomal proteins are
still localized in the perinuclear region (B, C). Bar, 10 um.
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to be seen how oncogenic ras alters the organization of
microtubules and intracellular trafficking of lysosomes.
To further investigate the involvement of microtubules
in the trafficking of lysosomes, we addressed the effects
of taxol which inhibits microtubule depolymerization.®*
Our results revealed that in the taxol-treated neoT cells
microtubules were stabilized, a polymerized microtubule
network to the microtubule organizing center was seen,
and cathepsin D staining moved in a unidirectional man-
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Figure 10. Cathepsin D and actin localization in MCF-10AneoT cells. Cells were incubated with cytochalasin D (B, D) for 20 min
or without cytochalasin D (A, C), then cells were fixed, and double-staining was performed. Cells were stained with antibodies
against cathepsin D (A, B) or lamp-1 (C, D), and filamentous actin was stained with Texas red- phalloidin (A, B) or FITC-phal-
loidin (C, D) as described in the legend to Figure 9. Superimposed images of cathepsin D or lamp-1 and filamentous actin are
shown. In MCF-10AneoT cells, the actin cytoskeleton appears to contain stress fibers (A, C). Cytochalasin D treatment causes a
dramatic redistribution of the actin cytoskeleton to the cell periphery (B, D). The effect on the localization of cathepsin D and lamp-
1 is less pronounced, such that the staining of cathepsin D and lamp-1 remains scattered throughout the cytoplasm. Bar, 10 pum.

ner towards the perinuclear region (Figure 6). A similar
observation was found for lamp-1 staining. These results
indicated that microtubule stability has an important role
in retention of lysosomes in the juxtanuclear region. The
reclustering of lysosomal cathepsin D and the restoration
of microtubules in the presence of taxol in neoT cells
suggested an involvement of microtubule motor proteins
such as the plus-end directed motor protein kinesin or the
minus-end directed motor protein dynein. Kinesin is
involved in the transport of lysosomes'® and the plus-end
directed Golgi-to-ER transport,' and dynein has been
implicated in the in vitro fusion of endosomes.? Confocal
immunofluorescence studies with anti-dynein and anti-
cathepsin D or anti-kinesin and anti-cathepsin D using
permeabilized cells of MCF-10A showed that dyneins
and kinesins were intensely stained in the juxtanuclear

region (Figure 7). In contrast, the dynein and kinesin
staining pattern was somewhat diffuse and spread
throughout the cytoplasm of ras transfectants; punctate
or filamentous staining was not observed (data not
shown). Therefore, the immunofluorescence data show-
ing the diffuse cytoplasmic staining of these motor pro-
teins suggests that these cytoplasmic motor proteins
might be released from microtubules possibly by
hydrolyzing ATP in neoT cells.*

Regarding the intracellular translocation of cathepsin
B in malignant cells, it was demonstrated previously that
protein kinase C-stimulation with 12-lipoxygenase meta-
bolite of arachidonic acid, 12-(S)-hydroxyeicosate-
traenoic acid [12-(S)-HETE], in concentrations which are
optimal for integrin expression, induces cytoplamic
translocation toward the cell periphery of vesicles stain-
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ing for cathepsin B and cathepsin B secretion in the more
malignant cell lines.!! Further studies demonstrated that
in metastatic B16a murine melanoma cells, the transloca-
tion of auyBs-integrin molecule from a intracellular pool,
a cytoplasmic tubulovesicular structure (TVS) most
probably corresonding to endosomes, to the plasma
membrane is modulated by 12-(S)-HETE.**" The func-
tional significance of this was further supported by the
observation that disruption of microtubules or intermedi-
ate filaments prevents both the vesicular to tubular tran-
sition of TVS as well as the increased surface expression
of oy Bs-integrin induced by 12-(S)-HETE.*” Therefore,
translocation of lysosomes and secretion of lysosomal
cathepsin B may be mediated through cytoskeleton
rearrangements by protein kinase C-regulated process.
Further studies will be needed to demonstrate the invol-
vement of microtubule motor proteins in the intracellular
trafficking of lysosomal cathepsins in neoT cells. Micro-
injection of specific antibody to inhibit the motor activi-
ty may provide a useful tool.

In the present study, we have investigated the effect of
perturbation of the actin cytoskeleton (using cytochalasin
D) on the trafficking of lysosomal cathepsin D. This drug
did not affect the localization of cathepsin D or lamp-1 in
MCF-10A or 10AneoT cells. It is conceivable that the
actin cytoskeleton might not be involved in lysosome
dynamics in ras transfectants. In the case of cell migration
where membrane dynamics are critical, actin is thought to
be involved in the cellular movements of lysosomes.
There are other indications that actin-based processes are
involved in regulating intracellular membrane transport.®
Although cytochalasin D, known to disrupt the supramol-
ecular oraganization of the actin network, did not change
the trafficking of lysosomal cathepsin D in MCF-10A
cells, it remains to be seen whether all actin filaments are
affected equally.

Taken together, our results support a model in which
cytoskeletal microtubule organization is closely related to
the trafficking of lysosomes/endosomes, with oncogenic
ras interfering with such organization in human breast
epithelial cells.

Acknowledgements

This study was supported in part by a Grant-in-Aid for Cancer
Research (No. 08265247) from the Ministry of Education, Science,
Sports and Culture, Japan, and this study was supported in part by
US Public Health Service Grant CA56586. Development and main-
tenance of the MCF-10A human breast epithelial cell lines has been
supported by a grant from the Elsa U Pardee foundation and the
core support grant of the Barbara Ann Karmanos Cancer Institute.
The Confocal Imaging Core at Wayne State University is support-
ed in part by US Public Health Service Center Grants: P30
ES06639 from the National Institutes of Environmental Health
Sciences and P30 CA22453 from the National Cancer Institute.

Vol 4, No 4, 1998

References

1. Albini A, Graf J, Kitten GT, et al: 17-Estradiol regulates and v-
Ha-ras transfection constitutively enhances MCF7 breast cancer
cell interactions with basement membrane. Proc Natl Acad Sci
USA 83:8182-8186, 1986.

2. Aniento F, Emans N, Griffiths G, Gruenberg, J: Cytoplasmic
dynein-dependent vesicular transport from early to late endo-
somes. J Cell Biol 123:1373-1387, 1993.

3. Basolo F, Elliot J, Tait L., et al: Transformation of human breast
epithelial cells by c-Ha-ras oncogene. Mol Carcinogen 4:25-35,
1991.

4. Brouillet JP, Spyratos F, Hacene K., et al: Inmunoradiometric
assay of pro-cathepsin D in breast cancer cytosols-relative
prognostic value versus total cathepsin D. Eur J Cancer
29A:1248-1251, 1993.

5. Campo E, Munoz J, Miquel R., et al: Cathepsin B expression in
colorectal carcinomas correlates with tumor progression and
shortened patient survival. Am J Pathol 145:301-309, 1994.

6. De Brabander M, Geuens G, Nuydens R., et al: Taxol induces
the assembly of free microtubules in living cells and blocks the
organizing capacity of the centrosomes and kinetochores. Proc
Natl Acad Sci USA 78:5608-5612, 1981.

7. Glotzer M, Hyman AA: The importance of being polar. Curr
Biol 5:1102-1105, 1995.

8. Hasson T Mooseker MS: Molecular motors, membrane move-
ments and physiology: emerging roles for myosins. Curr Opin
Cell Biol 7:587-594, 1995.

9. Herman B, Albertini DF: The intracellular movement of endo-
cytic vesicles in cultured ovarian granulosa cells. Cell Motil
2:583-597, 1982.

10. Hollenbeck PJ, Swanson JA: Radial extension of macrophage
tubular lysosomes supported by kinesin. Nature 346:864-866,
1990.

11. Honn KV, Timar J, Rozhin J, et al: A Lipoxygenase metabolite,
12-(S)-HETE, stimulates protein kinase C-mediated release of
cathepsin B from malignant cells. Exp Cell Res 214.120-130,
1994.

12. Ichikawa T, Kyprianou N, Isaacs JT: Genetic instability and the
acquisition of metastatic ability by rat mammary cancer cells
following v-H-ras oncogene transfection. Cancer Res 50:6349-
6357, 1990.

13. Johnson MD, Torri JA, Lippman ME, Dickson RB: The role of
cathepsin D in the invasiveness of human breast cancer cells.
Cancer Res 53.7873-7877, 1993.

14. Kageshita T, Yoshii A, Kimura T, et al: Biochemical and immu-
nohistochemical analysis of cathepsins B, H, L and D in human
melanocytic tumors. Arch Dermatol Res 287:266-272, 1995.

15. Kane SE, Gottesman MM : The role of cathepsin L in malignant
transformation. Semin Cancer Biol 1:127-136, 1990.

16. Keren Z, LeGrue SJ: Identification of cell surface cathepsin B-
like activity on murine melanomas and fibrosarcomas: modula-
tion by butanol extraction. Cancer Res 48:1416-1421, 1988.

17. Langford GM: Actin- and microtubule-dependent organelle
motors: interrelationships between the two motility systems.
Curr Opin Cell Biol 7:82-88, 1995.

18. Lin SXH, Collins CA: Immunolocalization of cytoplasmic dyne-
in to lysosomes in cultured cells. J Cell Sci 101:125-137, 1992.

19. Lippincott-Schwartz J, Cole NB, Marotta A, et al: Kinesin is the
motor for microtubule-mediated Golgi-to-ER membrane traffic.
J Cell Biol 128:293-306, 1995.

20. Matteoni R, Kreis TE: Translocation and clustering of endo-
somes and lysosomes depends on microtubules. J Cell Biol 105,
1253-1265, 1987.




296 NISHIMURA et al

21. Miiler FR,, Soule HD, Tait L, et al: Xenograft model of human
proliferative breast disease. J Natl, Cancer Inst, 85, 1725-1732,
1993.

22. Moin K, Sameni M, Elliott E, et al: Ras oncogene alters local-
ization of cathepsins. /n Proteases Involved in Cancer, (eds. M
Suzuki and T Hiwasa), pp. 51-58, Monduzzi Editore, S.p.A.,
Bologna, 1994.

23. Mort JS, Recklies AD: Interrelationship of active and latent
secreted human cathepsin B precursors. Biochem J 233:57-63,
1986.

24. Nakata T, Hirokawa N: Point mutation of adenosine triphos-
phate-binding motif generated rigor kinesin that selectively
blocks anterograde lysosome membrane transport. J Cell Biol
131:1039-1053, 1995.

25. Nishimura Y, Higaki M, Kato K: ldentification of a precursor
form of cathepsin D in microsomal lumen: characterization of
enzymatic activation and proteolytic processing in vitro.
Biochem Biophys Res Commun 148:335-343, 1987.

26. Nishimura Y, Kawabata T, Kato K: Identification of latent pro-
cathepsins B and L in microsomal lumen: characterization of
enzymatic activation and proteolytic processing in vitro. Arch
Biochem Biophys 261:64-71, 1988.

27. Ochieng J, Basolo F, Albini A, et al: Increased invasive, chemo-
tactic and locomotive abilities of c-Ha-ras-transformed human
breast epithelial cells. Invasion Metast 11:38-47, 1991.

28. Phaire-Washington L, Silverstein SC, Wang E: Phorbol myris-
tate acetate stimulates microtubule and 10-nm filament exten-
tion and lysosome redistribution in mouse macrophages. J Cell
Biol 86:641-655, 1980.

29. Poole AR, Tiltman KJ, Recklies AD, Stoker TAM : Differences in
the secrction of the proteinase cathepsin B at the edges of
human breast carcinomas and fibroadenomas. Nature 273, 545-
547, 1980.

30. Rempel SA, Rosenblum ML, Mikkelsen T, et al: Cathepsin B
expression and localization in glioma progression and invasion.
Cancer Res 54:6027-6031, 1994.

. Rochefort H: Biological and clinical significance of cathepsin
D in breast cancer. Semin Cancer Biol 1:153-160, 1990.

32. Rochefort H, Capony F. Garcia M: Cathepsin D:a protease
involved in cancer metastasis. Cancer Metast Rev 9:321-331.
1990.

33. Rochefort H: Cathepsin D in breast cancer: A tissue marxer
associated with metastasis. FurJ Cancer 28A:1780-1783, 1992

3

34. Roederer M, Bowser R., Murphy RF: Kinetics and temperature
dependence of exposure of endocytosed material to proteolytic
enzymes and low pH: evidence for a maturation model for the
formation of lysosomes. J Cell Physiol 131, 200-209, 1987.

35. Rowinsky EK, Cazenave LA, Donehower RC: Taxol: A novel
investigational antimicrotubule agent. J Natl Cancer Inst
82:1247-1259, 1990.

36. Rozhin J, Sameni M, Ziegler G, Sloane BF: Pericellular pH
affects distribution and secretion of cathepsin B in malignant
cells. Cancer Res 54, 6517-6525, 1994.

37. Sameni M, Elliott E, Ziegler G, et al: Cathepsin B and D are
localized at the surface of human breast cancer cells. Pathol
Oncol Res 1:43-53, 1995.

38. Sloane BF, Honn KV: Cysteine proteinases and metastasis.
Cancer Metast Rev 3:249-263, 1984.

39. Sloane BF, Rozhin J, Johnson K, et ai: Cathepsin B:association
with plasma membranc in metastatic tumors. Proc Natl Acad
Sci USA 83:2483-2487, 1986.

40. Sloane BF, Rozhin J, Hatfield JS, et al: Plasma membrane-asso-
ciated cysteine proteinases in human and animal tumors. Exp
Cell Biol 55:209-224, 1987.

41. Sloane BF: Cathepsin B and cystatins: evidence for a role in
cancer progression. Semin Cancer Biol 1:137-152, 1990.

42. Sloane BF, Moin K, Krepela E, Rozhin J: Cathepsin B and its
endogenous inhibitors: role in tumor malignancy. Cancer
Metast Rev 9:333-352, 1990.

43. Sloane BF, Moin K, Lah TT: Regulation of lysosomal endopep-
tidases in malignant neoplasia. In Aspects of the Biochemistry
and Molecular Biology of Tumors (eds. TG Pretlow and TP
Pretlow), pp.411-466, Academic Press, New York, 1994.

44. Sloane BF, Moin K, Sameni M, et al: Membrane association of cat-
hepsin B can be induced by transfection of human breast epithelial
cells with c-Ha-ras oncogene. J Cell Sci 107:373-384, 1994,

45. Soule H, Maloney TM, Wolman SR. et al: Isolation and charac-
terization of a spontaneously immortalized human breast epithe-
lial cell line MCF-10. Cancer Res 50, 6075-6086, 1990.

46, Timar J, Tang D, Buzaz R, et al: PKC mediates 12-(S)-HETE-
induced cytoskeletal rearrangement in Bl16a melanoma celis.
Cell Motil Cytoskel 26: 49-65, 1993.

7. Timar J, Bazaz R, Kimier \ et al: Immunomorphological char-
acterization and effects of 12-(S)-HETE on a dynamic intracel-
lular pool of the o, B:-integrin in melanoma cells. J Cel! Sct
108:2175-2186. 1995

PATHOLOGY ONCOLOGY RESEARCH




