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Introduction

It is known that members of the small GTPases family
control cell adhesion and motility through reorganization
of the actin cytoskeleton and regulation of acto-myosin
contractility.1-6 It has been reported that small GTPase
RhoA7 is expressed at a relatively higher level in metasta-
tic tumors and its expression levels positively correlate
with the stage of the tumors,8 and that the overexpression
of active RhoA in the cell facilitates its translocation from
the cytosol to the plasma membrane, where its activation
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Small GTPase Rho and its downstream effectors,
ROCK family of Rho-associated serine-threonine
kinases, are thought to participate in cell morpho-
logy, motility, and tumor progression through regu-
lating the rearrangement of actin cytoskeleton.
Here we present evidence that transfection of
human breast cancer cells with cDNA encoding a
dominant active mutant of ROCK causes dispersal
of lysosomal vesicles throughout the cytoplasm
without perturbing the machinery of the endocytic
pathway.  The intracellular distribution of lyso-
somes and endocytosed transferrin, an early endo-
somal marker, were further assessed by confocal
immunofluorescence microscopy.  In the active
ROCK transfected cells the lysosomal proteins,
cathepsin D, LIMPII, and LAMP1, were found

throughout the cytoplasm in dispersed small vesi-
cles, which were not accessible to the endocytosed
Texas Red-labeled transferrin. 3D-image analysis
of lysosomal distribution in the active ROCK-
transfectants revealed abundant punctate signals in
the peripheral region of the basal plasma mem-
brane. Cells expressing vector alone did not exhib-
it these alterations. Wortmannin, a phosphatidyli-
nositol 3-kinase inhibitor, induced LIMPII-posi-
tive/transferrin negative large vacuoles in the per-
inuclear region, and disappearence of the dispersed
small vesicular structures. To our knowledge, this
is the first evidence that increasing ROCK expres-
sion contributes to selective cellular dispersion of
lysosomes in invasive breast cancer cells. (Patho-
logy Oncology Research Vol 9, No 2, 83–95, 2003)
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results in stimulation of the actin-myosin system followed
by cellular invasion both in vitro and in vivo.9 One of the
target molecules of Rho is the family of Rho-associated
serine-threonine protein kinases (ROCK)10 which also par-
ticipates in cell-to-substrate adhesions, stress-fiber forma-
tion, and stimulation of actomyosin-based cellular con-
tractility, and it has been demonstrated that ROCK, like
Rho, is involved in tumor invasion.11 In invasive tumor
cells, an increased expression of lysosomal cathepsins and
an altered redistribution of lysosomes toward plasma
membrane have been reported for a variety of tumors.12,13

The secretion from and/or plasma membrane association
of cathepsins in tumor cells has been implicated in tumor
invasion and metastasis.14,15 We reported previously that
the transfection of mutated small GTPase c-Ha-ras onco-
gene into human breast epithelial cell line MCF-10A,
known to increases its invasiveness16 and metastatic ability,17

increased a more peripheral distribution of lysosomal pro-



teins, cathepsin D and LAMP1, compared to the parental
cells.18 Conceivably, these abnormalities of the intracellu-
lar localization of lysosomes may reflect an important
process for tumor invasion. 

We have recently reported that the dominant active RhoA
mutant (VRhoA) or the wild type RhoA (wtRhoA) transfect-
ed to MM1 rat hepatoma cell line, causes the centrifugal dis-
tribution of lysosomes toward cell periphery.19 This alteration
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Figure 1. Immunocytochemical localization of lysosomal proteins and actins in the mock transfectants or the active ROCK transfec-
tants. The mock transfectants (a-f), the active ROCK transfectants (d-r), or the active ROCK transfectants incubated with Y-27632
(j-l, p-r), a selective ROCK inhibitor, for 30 min, were fixed, and were then double-labeled to localize LIMPII, LAMP1 or cathepsin D
(green fluorescence) with specific antibodies and actin with Texas red-phalloidin (red fluorescence), respectively, as described in Mate-
rials and Methods. The secondary antibodies were Alexa 488-conjugated anti-rabbit IgG or FITC-conjugated anti-mouse IgG. Super-
imposed images of lysosomal proteins and filamentous actin are shown in c, f, i, l, o, and r. Note that in the mock transfected cells, the
lysosomal proteins are mainly localized around the perinuclear region. By contrast, in the active ROCK transfectants, the dispersed
cellular localization of lysosomal proteins are observed. Furthermore, the induced actin stress-fiber formation is clearly seen in the
active ROCK transfectants. In the presence of Y-27632, the actin stress-fibers in the active ROCK transfectants are considerably
reduced, and this inhibitor substantially disrupts the actin stress-fiber network within 30 min (h). Bar, 10 µm
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in the subcellular translocation of lysosomes was found to be
impeded by the presence of Y-27632,20 a selective inhibitor of
Rho-associated protein kinase, p160ROCK which has been
demonstrated to be a downstream target of RhoA.10,21-24 Fur-
ther analysis revealed that the dispersed lysosomes retain
their acidity and they are not co-localized with early endo-
somes, and are not accessible to the endocytosed anti-trans-
ferrin receptor antibody.25 Thereby, we postulate that the
small GTPase RhoA and ROCK signaling selectively regu-
lates the membrane traffic and biogenesis of lysosomes in the
endocytic pathway in invasive tumor cells.25

In the present study, in order to further investigate the
role of ROCK on the intracellular membrane traffic of
lysosomes in tumor cells, we analyzed the intracellular

localization of lysosomal proteins by confocal immunoflu-
orescence microscopy in the dominant active ROCK trans-
fected MCF-7 human breast cancer cell line. We examined
the intracellular distribution of lysosomes by using specif-
ic antibodies to lysosomal aspartic proteinase cathepsin D
or LIMPII/LGP85, which is distributed within the endo-
cytic organelles at the highest concentration in lyso-
somes/late endosomes as observed for the other lysosomal
glycoproteins, LAMP-1 and LAMP-2.26-31 

Here we found evidence that the active ROCK mutant
transfected into MCF-7 cells causes the centrifugal distribu-
tion of lysosomes. We demonstrate that these dispersed lyso-
somes are not co-localized with early endosomes and are not
accessible to the endocytic tracer, Texas Red-transferrin. To
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date, there is no evidence demonstrating the mechanism by
which intracellular movement and trafficking of lysosomes
is altered in the active ROCK-transfected cells. We postulate
that the small GTPase RhoA and ROCK activity selectively
regulates the membrane traffic and biogenesis of lysosomes
in the endocytic pathway in invasive cancer cells.

Materials and Methods

Cell cultures and transfection of catalytic domain 
of human ROCK (∆4ROCK)

MCF-7 human breast cancer cells (JCRB0134)32 were
obtained from Health Science Research Resources Bank
(Osaka, Japan) and cultured in minimum essential medium
(MEM) (Invitrogen, San Diego, CA, USA) with non-essen-
tial amino acids (Invitrogen), 0.1 mM Na pyruvate (Invitro-
gen), 10 µg/ml insulin (Invitrogen) and 10% fetal calf serum
(FCS, Equitech-bio, TX, USA). cDNA encoding catalytic
domain of human ROCK (∆4ROCK),11 was subcloned into
FLAG-tagged pcDNA3 vector (Invitrogen). Stable cell lines
were generated by transfection of constructs or empty vector
using Lipofectamine Plus reagent (Invitrogen), and selected
in the presence of 800 µg/ml G418 for 4 weeks. 

Antibodies 

Normal goat serum were purchased from Jackson
ImmunoResearch (West Grove, PA, USA). Alexa 488-
labeled affinity-purified goat anti-rabbit IgG and FITC-
labeled affinity-purified goat anti-mouse IgG were pur-
chased from Molecular Probes (Eugene, OR, USA). A mon-
oclonal anti-human lysosome-associated membrane protein-
1 (LAMP-1) H4A3 was purchased from the Developmental
Studies Hybridoma Bank maintained by the Department of
Pharmacology and Molecular Sciences, Johns Hopkins Uni-
versity 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 Develop-
ment. Texas Red-conjugated phalloidin, and SlowFade anti-
fade reagent were purchased from Molecular Probes
(Eugene, OR, USA). Antisera were raised in rabbits (New
Zealand white male) against the mature form of rat liver
lysosomal cathepsin D33,34 and the native form of
LIMPII/LGP8529 as described previously, and monospecific
cathepsin D IgG or anti-LIMPII IgG was prepared, respec-
tively. An IgG fraction was affinity-purified by protein A
Sepharose CL-4B, followed by immunoaffinity chromatog-
raphy using antigen-Sepharose 4B. Wortmannin was pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).
Other chemicals were of reagent grade and were obtained
from commercial sources.

Immunofluorescence microscopy 

Immunofluorescence microscopy has been described pre-
viously.19,25 Cells were grown for 3 days in 6-well plates on
glass coverslips in M-MEM-10% FCS. Cells were fixed with
3.7% formaldehyde in phosphate-buffered saline (PBS), pH
7.4, permeabilized in PBS containing 0.1% saponin. 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. The mock transfectants or
the active ROCK transfectants were then incubated with spe-
cific primary antibodies (rabbit anti-cathepsin D IgG, rabbit
anti-LIMPII IgG, or mouse anti-LAMP-1 IgG1, mouse anti-
transferrin recepor IgG2, respectively), for 2 hours and
washed. Then cells were incubated for 1 hour with sec-
ondary antibody of Alexa 488-conjugated affinity-purified
goat anti-rabbit IgG, or Texas Red-conjugated affinity-puri-
fied goat anti-mouse IgG at 20 µg/ml, followed by three
washes in PBS containing 0.1 % saponin. In some experi-
ments, the active ROCK transfectants were treated with 15 M
of Y-27632, ROCK inhibitor, for 30 min, before cell fixation.
To label early endosomes in the wortmannin-treated cells,
the active ROCK transfected cells were treated with 100 nM
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Figure 2. Intracellular distribution of lysosomal membrane glycoprotein LIMPII in the mock-transfected MCF-7 cells. The mock trans-
fectants (MCF-7 cells transfected with vector alone) were fixed, and double-labeled to localize LIMPII (green fluorescence) and trans-
ferrin receptor (red fluorescence) with specific antibodies, respectively, as described in Materials and methods. The secondary antibod-
ies were Alexa 488-conjugated anti-rabbit IgG or Texas Red-conjugated anti-mouse IgG. Superimposed images of LIMPII and trans-
ferrin receptor are shown in c of panel A, B, C, and D. Profile analysis of the intensity of each fluorescence channel, Alexa 488 and
Texas Red, along with white horizontal arrow is shown. The green arrows indicate the examples of LIMP-II-positive structures (green
fluorescence) but are negative for transferrin receptor-positive structures (red fluorescence). The red arrows indicate structures that
are positive for transferrin receptor but are negative for LIMPII. Optical sections acquired along the Z-axis were acquired with incre-
ments of 0.3 µm as described in Materials and Methods. Each X-Y optical section (0.3 µm) is shown in Panel C and digits in the upper
left corner of each panel indicate the distance of the sections to the cell bottom.  Orthographic section (1.04 µm from the cell bottom)
of the cell is shown in panel D and each cellular localization of Alexa 488-positive LIMPII and Texas Red-positive transferrin recep-
tor is indicated at the top horizontal window of panel D for X-Z section (green horizontal line) and at the right vertical window of
panel D for Y-Z section (red horizontal line), respectively. Note that LIMPII stainings (green fluorescence) are concentrated in small
punctate structures around the perinuclear region, and are clearly distinct from those of transferrin receptor. Bar, 10 µm.



wortmannin for 30 min at 37°C and then incubation was
continued for 20 min in the plain culture medium containing
Texas Red-conjugated transferrin and wortmannin. The cells
were fixed and stained for LIMPII or cathepsin D with pri-
mary antibody and secondary antibody conjugated to Alexa
488. In controls, either preimmune serum (rabbit or mouse)
was substituted for the primary antibody or no primary anti-
body was used. Finally, cells were mounted with SlowFade
anti-fade reagent and observed on a Zeiss LSM 510 META
confocal laser scanning microscope (Carl Zeiss,
Oberkochen, Germany), equipped with krypton/argon laser
sources. To obtain a 3D-imaging data sets or to generate
optical sections of the cells by confocal laser scannning
microscopy, 30-40 optical sections of (X-Y section) along
the Z-axis were acquired with increments of 0.3 µm using
63×oil immersion objective (NA 1.4), and the fluorescent
data sets were analyzed by LSM 510 software. For the
simultaneous observation of double-immunolabeled cells by
Alexa 488 or Texas Red, both 488- and 568-nm laser lights
were used for excitation at the same time, and the single-
image of the immunolabeled specimen was observed. In
these cases, cross-talk of the emission signals was verified
by comparing separately obtained Alexa 488 and Texas Red
images in each experiment in advance, especially regarding
the observation of double-positive sites. Images were con-
verted to TIFF format, and contrast levels of the images were
adjusted using Adobe Photoshop 5.5 software (Adobe Co.)
on PowerMac G4 Cube (Apple Computers).

Results

Expression of ∆4ROCK, a constitutively active truncation
mutant of p160ROCK, induces strong stress-fiber 
formation and a radial dispersion of lysosomes in breast
cancer cells

It has been reported that transfection of rat hepatoma cells
with cDNA encoding a dominant active mutant of ROCK
conferred invasive activity, independently of serum and
Rho. In contrast, expression of a dominant negative, kinase-

defective ROCK mutant substantially attenuated the inva-
sive phenotype, therefore, indicating that ROCK plays an
important role in tumor cell invasion.11 To investigate the
role of ROCK activity in the intracellular membrane traffic
of lysosomes, we have undertaken immunofluorescence
microscopy to determine whether ROCK activity is involved
in the regulation of lysosomal biogenesis. ROCK cDNA
encoding a truncation mutant of p160ROCK, the constitu-
tively active ∆4ROCK, containing the N-terminal kinase
domain and a portion of the coiled-coil region was transfect-
ed into MCF-7 human breast cancer cell line, and stable
transfectants expressing ROCK were isolated. To determine
the intracellular localization of cathepsin D, LIMPII, or
LAMPI and actin cytoskeleton, the transfected cells were
double-labeled with Texas Red labeled-phalloidin for actin
cytoskeleton and stained for lysosomes with cathepsin D,
LIMPII or LAMP1 (Figure 1). In the mock-transfected cells
there is no distinct formation of stress-fibers, and the stain-
ings of LIMPII and LAMPI were present primarily in small
punctate structures in the perinuclear region, which is typi-
cal pattern of lysosomal vesicles.18,19,25 In contrast, in the
cancer cells expressing f∆4ROCKcDNA, the cells had elon-
gated polar cell shape with pointed edges and ROCK expres-
sion markedly enhanced the formation of stress-fibers, and
these stress-fibers terminated at pointed edges. These obser-
vations suggested that ROCK is important in regulating actin
cytoskeleton reorganization. Furthermore, confocal
immunofluorescence microscopy revealed that cathepsin D-
and LIMPII-positive small punctate structures were widely
redistributed throughout the cytoplasm in transfected cells.
The dispersed punctate structures stained for LIMPII were
almost co-localized with those for LAMP1 (data not shown).
In the presence of Y-27632, a selective inhibitor of
p160ROCK, the cellular redistribution of lysosomes was
impeded, the inhibitor promoted reclustering of lysosomes
toward the perinuclear region. These results are consistent
with those reported previously.19,25

Next, to determine intracellular distribution of lysosomes,
3D-images of the mock-transfected MCF-7 cells were cap-
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Figures 3 and 4. Endocytosed Texas Red-transferrin downloaded into the early endosomes is not delivered to the dispersed LIMPII-
or cathepsin D-positive compartments in the active ROCK transfectants. The active ROCK transfectants were preincubated for 20
min with the Texas Red-transferrin in plain complete medium, and then cells were fixed, and stained with antibodies against
LIMPII (green fluorescence in Figure 3) or cathepsin D (green fluorescence in Figure 4). Merged fluorescence signals for LIMPII
or cathepsin D and the internalized Texas Red-transferrin are shown in c of panel A, B, C, and D. Orthographic sections (0.7 µm
for LIMPII and cathepsin D) are shown by green horizontal line for X-Z section and red vertical line for Y-Z section in panel D,
respectively, and cellular localization of Alexa 488-positive LIMPII or cathepsin D and Texas Red-transferrin is indicated at the top
horizontal window of panel D for X-Z section and at the right vertical window of panel D for Y-Z section. Details for the figure
are described in Figure 2. Note that the internalized Texas Red-transferrin is able to reach the early endosomes seen as small punc-
tate structures in the cell periphery after 20 min incubation, but transferrin-positive structures are not co-localized with LIMPII-
positive or cathepsin D-positive structures, suggesting that the dispersed lysosomes do not fuse with early endosomes in the active
ROCK transfectants. Bar, 10 µm
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tured by confocal immunofluorescence microscopy in the
paraformaldehyde-fixed cells. 30-40 optical sections along
the Z-axis were acquired with increments of 0.3 µm. As
shown in Figure 2, in the mock-transfectants, LIMPII-posi-
tive lysosomal small punctate structures were mainly clus-
tered in the perinuclear region which is approximately in the
middle region (1.04 m through 3 µm) of the cell, and the
localization of lysosomes was distinct from that of transfer-
rin receptor-reactive early endosomes. A distinct localiza-
tion of LIMPII-positive small punctate structures from that
of transferrin receptor was further confirmed by the profile
of the intensity measurement of each fluorescence channel
within the cell as shown in Figure 2B. Also we observed a
similar distribution of cathepsin D-positive structures within
the cytoplasm of the mock-transfectants (data not shown).

Endocytosed transferrin is not accessible to the dispersed
lysosomes in the active ROCK transfectants

We further examined the cellular distribution of lyso-
somes stained for LIMPII or cathepsin D in the active
ROCK-transfected cells. The results revealed a dispersed
punctate distribution of LIMPII-positive vesicular struc-
tures throughout much of the cytoplasm. Also, 3D-image
analysis of the active ROCK-transfected cells revealed
dispersion of lysosomal vesicles toward basal plasma
membrane and an abundant and peripheral/subplasmalem-
mal punctate signals (data not shown). Because the dis-
persed small vesicles were punctate, round in shape and
had a peripheral distribution, we supposed that the dis-
persed vesicles may be of endocytic origin such as early
endosomes, recycling endosomes, late endosomes or lyso-
somes, the content of which are transported both in vivo
and in vitro in a microtubule-dependent fashion.35 To
examine the identity of LIMPII-immunoreactive dispersed
vesicular structures seen throughout the cytoplasm in the
active ROCK transfectants, the active ROCK-transfected
cells were examined by double labeling immunofluores-
cence confocal microscopy using antibodies for LIMPII,
and the transferrin receptor, or EEA1 (early endosomal
antigen).36 We found that the dispersed LIMPII containing
vesicular structures show no co-localization with immunos-
tainings of transferrin receptor or EEA1 in the active
ROCK transfectants (data not shown). 

In the present study, in order to further substantiate
whether ROCK-induced dispersed lysosomes are accessible
to endocytic markers, the active ROCK-transfected cells
were allowed to internalize Texas Red-labeled transferrin for
20 min and the cells were fixed, and were stained for LIMPII
(Figure 3) or cathepsin D (Figure 4) with primary antibody

and secondary antibody conjugated to Alexa 488. Transfer-
rin is bound to its receptor at the cell surface and then inter-
nalized to the sorting early endosomes in the peripheral
region, and to the recycling endosomes in the perinuclear
region, and receptor-ligand complexes are recycle back to
the cell surface. As shown in Figures 3 and 4, Texas Red-
transferrin was efficiently endocytosed and was found in
early endosomes in the peripheral region. After 20 min incu-
bation, part of the transferrin was also seen in the recycling
endosomes in the perinuclear region, suggesting that active
ROCK expression does not have any inhibitory effect on
intracellular endocytic trafficking. LIMPII- or cathepsin D-
positive lysosomes were not co-localized with early endo-
somes labeled with the endocytosed Texas Red-transferrin
throughout the cytoplasm. The spatial relationship within the
cell between the distribution of LIMPII- or cathepsin D-pos-
itive lysosomes and Texas red-labeled transferrin in the
active ROCK transfectants was further assessed by confocal
immunofluorescence microscopy. The optical X-Y sections
acquired along the Z-axis showed that lysosomes stained for
LIMPII or cathepsin D were found in the bottom part of the
cell (0.35-0.7 µm), and the endosomes labeled with Texas
Red-transferrin in the peripheral region were also seen in the
same area, but the staining of dispersed lysosomes was dis-
tinct from those of Texas Red-transferrin-positive early
endosomes (Figures 3 and 4). These results indicate that
lysosomes redistributed toward the cell surface were not
communicating with the endocytic pathway and the fusion
between the dispersed lysosomes and early endosomes does
not take place in the active ROCK-transfected cells.

Large swollen vacuoles induced by wortmannin 
are distinct from early endosomes in the active 
ROCK transfectants

We showed recently that wortmannin, an inhibitor of
phosphatidylinositol 3-kinase, which is known to mediate
membrane trafficking at several distinct steps of the early
endocytic pathway,37-40 caused induction of large swollen
vacuoles in the cytoplasm of the active RhoA transfectants
which were positive for LIMPII or cathepsin D but were not
stained with transferrin receptor antibody, suggesting that
large vacuoles were derived from lysosomes/late endo-
somes.25 These results further imply that wortmannin selec-
tively enhances enlargement of lysosomes/late endosomes,
but does not cause the mixing of early endosomes and lyso-
somes/late endosomes. To further document whether the
expression of active mutant of ROCK causes a dispersion of
lysosomal LIMPII upstream to early endocytic compart-
ment, we examined the effect of wortmannin on the mem-
brane traffic of LIMPII- or cathepsin D-positive vesicles in
the active ROCK-transfected cells. We found that in the
active ROCK-transfected cells wortmannin induced a dra-
matic change of LIMPII-containing structures, and that
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LIMPII-positive swelling of large vacuoles in the vicinity of
perinuclear region. In the meantime, the dispersed small
punctate LIMPII+ structures disappeared from the cytoplasm
(data not shown). Wortmannin perturbed the morphology of
transferrin receptor-positive early endosomes too and
increased swelling of the vacuoles in the cytoplasm, howev-
er, these transferrin receptor-positive swollen early endo-
somes were not co-localized with those of LIMPII-containing
vacuoles, indicating that a mix of LIMPII-positive large
swollen vacuoles with transferrin receptor-positive large
vacuoles does not take place in the active ROCK transfec-
tants. These results are consistent with our recent data on the
active RhoA transfectants,25 namely that LIMPII-positive
lysosomes are selectively dispersed in the cytoplasm of cells
expressing active RhoA mutant and are not communicating
with the early endocytic compartments.

In the present study, to further substantiate whether the
dispersed lysosomes are accessible to the early endo-
somes, the effect of wortmannin was examined on the
redistribution of lysosomes. The active ROCK-transfected
cells were treated with 100 nM wortmannin for 30 min and
then the cells were fed with Texas Red-transferrin for 20
min and the cells were fixed, and were stained for LIMPII.
As shown in Figure 5, wortmannin treatment increased the
enlarged swollen vacuoles in the perinuclear region of
cytoplasm, while the LIMPII-positive cytoplasmic lyso-
somes disappeared. Furthermore, all LIMPII staining was
localized in these swollen vacuoles. However, these
LIMPII-positive swollen vacuoles were devoid of staining
by Texas Red-transferrin. Similarly, the cathepsin D-posi-
tive small vesicles disappeared from the cytoplasm and
were also reclustered toward the perinuclear region (data
not shown), whereas it remains to be seen whether the
cathepsin D-positive vesicles reclustered to the perinuclear
region are fused with the LIMPII-positive swollen vac-
uoles in the wortmannnin-treated cells. Analysis of the
optical slices (X-Y sections) throughout the Z-axis further
demonstrated that LIMPII-positive large swollen vacuoles
accumulated in the perinuclear region, and that these were
not positive for endocytosed transferrin. Taken together,
these results confirm that small punctate vesicles
immunostained for LIMPII or cathepsin D dispersed
throughout the cytoplasm are truly lysosomes, thereby,
implying that Rho-ROCK signaling induces the selective

dispersion of lysosomes in the cytoplasm but the dispersed
lysosomes are not communicating with the early endocytic
compartments.

Discussion

To investigate the role of ROCK on intracellular mem-
brane trafficking of lysosomes/endosomes, we investigat-
ed by confocal immunofluorescence microscopy the cellu-
lar distribution of lysosomal proteins and of endocytic
tracer in the active ROCK transfected cells. Our novel
findings of the present study are that the transfection of a
dominant active ROCK in MCF-7 human breast cancer
cell line, leads to a dramatic change in the intracellular
localization of cathepsin D-, LIMPII- and LAMP1-posi-
tive lysosomes. We showed here the evidence by 3D-
image analysis of lysosomal proteins by confocal
immunofluorescence microscopy demonstrating that the
ROCK activity enhances actin stress-fiber formation along
with the pericellular dispersion of lysosomes. We showed
that active ROCK induced small punctate lysosomes,
redistributed in the vicinity of peripheral region of the
cells, which were not co-localized with transferrin recep-
tor, EEA1 or with the internalized Texas Red-transferrin.
These results indicate that lysosomes redistributed towards
cell surface are not part of the endocytic pathway, and fur-
ther implicate that the fusion between the dispersed lyso-
somes and early endosomes does not occur in the active
ROCK-transfected cells. In contrast, lysosomes, as judged
by LIMPII or cathepsin D stainings were primarily local-
ized in the perinuclear region of the mock-transfected cells. 

In agreement with a recent study we have demonstrated
that transfection of active RhoA (VRhoA) into MM1 rat
hepatoma cells causes a remarkable redistribuion of lysoso-
mal proteins towards cell periphery, and that these aberrant
small vesicles are not accessible to the early endocytic trac-
er.25 These dispersed vesicles retaining their acidity were
also reclustered in the vicinity of perinuclear region when
the cells were incubated with Y-27632, a selective ROCK
inhibitor.19,25 By contrast, there is no apparent change found
in the fluid-phase endocytosis of dextran from cell surface
through early endosomes to lysosomes and in the receptor-
mediated endocytic pathway.25 These observations indicate
that RhoA-ROCK signaling regulates preferential intracel-
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Figures 5. Endocytosed Texas Red-transferrin is not delivered to the LIMPII-positive swollen vacuolar compartments in wort-
mannin-treated active ROCK transfectants. The active ROCK transfectants were incubated for 30 min in the presence of wort-
mannin and then further incubated for 20 min with Texas Red-transferrin in plain complete medium containing wortmannin. The
cells were fixed, and stained with primary antibody against LIMPII (green fluorescence) as described in Materials and Methods.
Merged fluorescence signals for LIMPII and the internalized Texas Red-transferrin are shown in c of panel A, B, C, and D. Ortho-
graphic sections (0.71 µm for LIMPII from the cell bottom) are shown in panel D. Details for the figure are described in Figure 2.
Note that Texas Red-transferrin-positive structures are not co-localized with LIMPII-positive swollen vacuoles, and the endocy-
tosed Texas Red-transferrin is not able to reach the LIMPII-positive swollen vacuoles after 20 min incubation. Bar, 10 µm



lular membrane trafficking of lysosomes without effect on
the early endocytic pathway. 

Recent evidence suggest that Rab proteins are key regu-
lators of membrane traffic of the biosynthetic and endo-
cytic pathways,41-43 and that Rab GTPases recruit tethering
and docking factors to establish firm contact between the
membranes for fusion, after which SNARE proteins
become involved in completing the fusion process.44 It has
been reported that the expression of dominant negative
Rab7 mutants selectively affects lysosomes itself in HeLa
cells, leading to the redistribution of lysosomes throughout
the cytoplasm, but they did not observe the co-localization
of lysosomal markers and early endosomal markers such
as transferrin receptor or Rab5.45 By contrast, the expres-
sion of the dominant active mutant Rab7-EGFP induced
aggregated, perinuclear localization of LAMP-, cathepsin
D-positive lysosomes, therefore implying that Rab7 is a
possible candidate for regulating lysosomal biogenesis and
the maintenance of the perinuclear aggregates of late
endocytic structures.45 On the other hand, in BHK cells,
the expression of dominant negative mutant Rrab7 causes an
increase in the proportion of CI-MPR and cathepsin D in
early endosome compartments.46 In this context, the local-
ization of cathepsin D, LIMPII, and LAMP-1 in the dom-
inant active mutant ROCK in MCF-7 cells as demonstrated
in our study is reminiscent of those observed in the domi-
nant negative Rab7 mutant transfected into HeLa cells.45

However, in contrast to active ROCK-transfected cells in
our study, the dispersed lysosomes showed reduced acidity
as revealed by the decrease in LysoTracker Red intensity,
and endocytic markers were not able to accumulate in the
dispersed lysosomal compartments in the cells expressing
the dominant negative Rab7 mutant, thereby, suggesting
that the lysosomes redistributed in the cells of expressing
dominant negative mutant Rab7 are functionally defective
in terms of endocytosis.45 RhoA and ROCK signaling
activity may somehow regulate the inactivation step for
Rab7. Further analysis will be required to define how the
signaling of Rho-ROCK is involved in the regulation of
lysosomal membrane traffic in tumor cells. 

Rho activity is known to be directly involved in the
cytoskeletal organization in tumor cells.5 It has recently been
demonstrated that the cross talk of the Rho/ROCK signaling
sufficient for agonist-induced neurite retraction and cell
rounding, which is accompanied by elevated phosphorylation
of myosin light chains and the disassembly of the micro-
tubules and intermediate filaments in neuroblastoma cells.47

Thereby, the selective translocation of lysosomes to the cell
periphery may be a common mechanism to cells that are
involved in the degradation of the extracellular matrix and the
basement membrane, which is a critical step in tumor cell
invasion. Indeed, in vitro invasive activity of MM1 cells
transfected with dominant active mutant ROCK was found to
be significantly induced as reported previously.11

It has been shown that intracellular movement of lyso-
somes to the cell periphery is mediated in kinesin-dependent
manner (a plus-end directed motor protein).48,49 Moreover,
Rho protein has previously been demonstrated to interact
with kinectin, an anchoring protein of kinesin motor.50

Recently, it has been reported that RhoG, a family of GTPas-
es, interacts with kinectin which has been shown to bind the
conventional kinesin and activate its microtubule-stimulated
ATPase activity.51 In active RhoG-transfected cells, an
enhanced movement of lysosomes was evaluated morpho-
logically.51 The molecular mechanisms by which RhoG uses
microtubules to exert its cytoskeletal effects remains
unknown, and also the biological significance of the interac-
tion of RhoA with microtubule motor protein is unclear at
present. RhoA-ROCK signaling may somehow participate in
the regulation of lysosome movement toward cell periphery
through interaction with microtubule motor proteins. Alter-
natively, it is possible that the actin cytoskeleton is involved
in the regulation of cellular membrane trafficking of lyso-
somes. Changes of the actin cytoskeleton often correlated
with microtubule rearrangements.52,53 It remains to be seen
how RhoA/ROCK signaling pathway regulates the mem-
brane traffic of lysosomes through rearrangement of cellular
actin cytoskeleton and microtubule organization. 
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