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Abstract

Cancer cells invade by secreting degradative enzymes,
which are sequestered in lysosomal vesicles. In this
study, the impact of an acidic extracellular environ-
ment on lysosome size, number, and distance from the
nucleus in human mammary epithelial cells (HMECs)
and breast cancer cells of different degrees of
malignancy was characterized because the physiolog-
ical microenvironment of tumors is frequently charac-
terized by extracellular acidity. An acidic extracellular
pH (pH,) resulted in a distinct shift of lysosomes from
the perinuclear region to the cell periphery irrespective
of the HMECs’ degree of malignancy. With decreasing
pH, larger lysosomal vesicles were observed more
frequently in highly metastatic breast cancer cells,
whereas smaller lysosomes were observed in poorly
metastatic breast cancer cells and HMECs. The
number of lysosomes decreased with acidic pH
values. The displacement of lysosomes to the cell
periphery driven by extracellular acidosis may facili-
tate exocytosis of these lysosomes and increase
secretion of degradative enzymes. Filopodia forma-
tions, which were observed more frequently in highly
metastatic breast cancer cells maintained at acidic
pHe, may also contribute to invasion.
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Introduction

Lysosomes are membranous organelles of ~0.5 um diam-
eter [1] containing about 40 different types of hydrolytic
enzymes, including proteases, that are optimally active at
low pH. An intralysosomal pH between 4.6 and 5.0 is
maintained by an H* pump localized in the lysosomal
membrane [2]. Lysosomes function as the terminal degra-
dation compartment of the endocytic pathway [3], and are
also involved in degradation of phagocytosed material [4],
autophagy [5], crinophagy [6], and proteolysis of cytosolic
proteins [7]. Lysosomal movement through the cell is
achieved by the cooperation of actin filaments, myosin la,
and microtubules [8]. Recent evidence also suggests a role
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for lysosomes in plasma membrane repair, which is mediated
by calcium-regulated exocytosis [9,10].

Lysosomes may play a pivotal role in the degradation of
extracellular matrix (ECM) proteins, cell invasion, and cell
migration into ECM because several proteases that contribute
to ECM degradation are directly or indirectly associated with
lysosomes, endocytosis, or exocytosis. For instance, cathep-
sins L, B, and D, which are sequestered in lysosomal vesicles
[11,12], exhibit proteolytic activity when activated by the acidic
lysosomal environment [13]. During invasion of cancer cells,
cathepsins participate in the digestion of matrix proteins in an
extracellular [14], pericellular [15], or intracellular manner [16],
or through activation of other zymogenic proteases, such as
urokinase-type plasminogen activator (uPA) [17,18]. A second
protease system associated with lysosomes is the uPA system
itself. The intracellular urokinase-type plasminogen activator
receptor (UPAR) is localized in the cell membrane, perinuclear
region, and granule-like structures, some of which were iden-
tified as lysosomes in breast cancer cells [19,20]. First, uPAR,
as part of a receptor complex, is internalized by receptor-
mediated endocytosis [21] and then recycled back to the cell
surface [22], whereas other parts of the initial complex are
transferred to lysosomes for degradation. As a third protease
system, two members of the matrix metalloprotease (MMP)
family require lysosomal trafficking. Membrane-type MMP-1
was shown to be regulated by endocytosis and is probably
routed to the lysosome for destruction [23]. Gelatinase A
(MMP-2) was shown to be secreted by fibroblasts in close
contact with breast cancer cells. These breast cancer cells then
bind MMP-2 to their cell surface and internalize it by endocy-
tosis [24]. Thus, endocytosis and lysosomal trafficking may
play an important role in protease regulation associated with
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ECM degradation, invasion, and metastasis. Therefore, it is
important to systematically investigate lysosomal trafficking
in human breast cancer cells, as well as normal human
mammary epithelial cells (HMECs).

Hypoxia [25] and acidic extracellular pH (pH.) [26,27] are
frequently detected in the microenvironment of tumors.
Hypoxia in solid tumors is a consequence of poor blood
supply and poor perfusion [25]. This tumor hypoxia causes
an elevated cellular acid production and, combined with poor
tumor perfusion, leads to acidic pHe in tumors. Typically,
tumor pH, is heterogeneous with a range of 6.44 < pH,
< 6.79 [28]. The tumor microenvironment plays a critical role
in cancer cell invasion and metastasis [29,30], as acidic pH
induces invasive, migratory behavior in vitro [30] and metas-
tasis in vivo [31], through the activation and release of
proteases from cancer cells [32—35]. Because these pro-
teases are sequestered in lysosomes, or regulated by endo-
cytosis as discussed earlier, lysosomes may be a key
mediator of this acidosis-mediated activation or release of
proteases in cancer cell invasion.

We used in vitro confocal immunofluorescence imaging of
two human lysosome-associated membrane proteins
(hLAMP-1 and hLAMP-2), which are widely used as lyso-
somal markers [36]. LAMP-1/LAMP-2 are ubiquitously
expressed, highly glycosylated proteins that are located in
lysosomal membranes [37], where they are tightly packed.
They represent more than 50% of the total membrane
proteins of lysosomes, and protect the lysosomal membrane
from degradation by lysosomal hydrolases [38]. LAMP-2
additionally functions as a receptor for the selective uptake
and degradation of cytosolic proteins by lysosomes [7], and
in chaperone-mediated autophagy [39]. We chose LAMPs
for our study because they are ubiquitously expressed,
highly abundant, and localized to lysosomes. Lysosome-
to-nucleus distance, lysosomal diameter, and the number
of lysosomes were quantified in confocal images of HMECs
and breast cancer cells cultured at different pH values. To
study lysosomes under acidic pH. conditions in live cells,
highly glycosylated lysosomal proteins were labeled with
5-amino-3,4,6-trihydroxy-tetrahydro-pyran-2-ylmethyl ester
(6-O-dansyl-GlcNH,) and imaged using confocal laser scan-
ning fluorescence microscopy, while cells were perfused in a
microscopy-compatible cell perfusion chamber [40]. We
consistently observed that acidic pH, led to a shift of lyso-
somes to the cell periphery, whereas the total number of
lysosomes per cell decreased. Lysosomal diameters in-
creased with extracellular acidification in highly metastatic
breast cancer cells, but decreased in poorly metastatic
breast cancer cells and HMECs.

Materials and Methods

Cell Culture

Four HMECs representing different stages of malignancy
were used in this study. MCF-12A, a spontaneously immor-
talized HMEC line established from MCF-12M mortal cells
[41], was obtained from the American Type Culture Collec-

tion (ATCC; Rockville, MD) and cultured in DMEM-Ham’s
F12 medium (Invitrogen Corporation, Carlsbad, CA) supple-
mented as described previously [41]. MCF-7, an estrogen-
sensitive, poorly metastatic human breast cancer cell line
was also obtained from ATCC and cultured in EMEM medi-
um (Mediatech, Inc., Herndon, VA) supplemented with 10%
fetal bovine serum and antibiotics [42]. MDA-MB-231 and
MDA-MB-435, two estrogen-independent highly metastatic
breast cancer cell lines, were kindly provided by Dr. R. J.
Gillies (Arizona Health Sciences, Tuscon, AZ). These cell
lines were maintained in RPMI-1640 medium (Invitrogen
Corporation) supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen
Corporation). The three human breast cancer cell lines were
originally isolated from pleural effusions of patients with
breast cancer. All cells were kept in a humidified atmosphere
of 5% CO in air at 37°C.

Immunofluorescence Staining of Breast Sections and
Cell Cultures

HMECs were grown on Permanox chamber slides (Nalge
Nunc, Naperville, IL) to 60% to 70% confluence. Cells were
incubated with cell culture medium of either pH 7.4 (control),
or pH 6.8, or pH 6.4 for 24 hours each. The cell culture
medium contained 4-(2-hydroxyethyl)-piperazine-1-ethane-
sulfonic acid (HEPES; 10 mM) and 2-(N-morpholino)-etha-
nesulfonic acid (MES; 10—20 mM) as additional buffers to
stabilize pH. After incubation with media at different pH
values, cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde in
PBS for 20 minutes on ice. Cells were washed three times
with ice-cold PBS and incubated with 5% normal goat serum
in PBS for 30 minutes at room temperature. Formaldehyde-
fixed, paraffin-embedded breast cancer sections (4—6 pm
thickness), kindly donated by Dr. Saraswati Sukumar (Johns
Hopkins University, Baltimore, MD), were treated with xylene
for 30 minutes at room temperature to remove paraffin;
rehydrated for 5 minutes each with 100%, 95%, and 70%
ethanol; and finally treated with 0.05 M glycine—HCI, pH 3.5,
for 15 minutes in a microwave oven for antigen retrieval. For
histological grading of the breast cancers, neighboring sec-
tions of the same tumors were stained with hematoxylin and
eosin. Cells and breast sections were incubated with a 1:50
dilution (dilution buffer consisting of 0.5% bovine serum
albumin and 0.01% sodium azide in PBS) of the monoclonal
antibodies H4A3 (hLAMP-1) or H4B4 (hLAMP-2) [36] (kindly
provided by Dr. J. Thomas August, Johns Hopkins University)
overnight at room temperature. This was followed by three
washes with PBS. Subsequently, cells or sections were
incubated with a 1:50 dilution of a Cy3-labeled goat anti—
mouse antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA) for 1 hour at room temperature and washed
five times with PBS. Cell nuclei were counterstained with a
1:3000 dilution of Hoechst H-33342 (Molecular Probes,
Eugene, OR) for 10 minutes at room temperature, cells were
washed, and a cover glass was attached with Fluoromount-G
(Southern Biotechnology Associates, Birmingham, AL).
Fluorescence microscopy was performed with a Zeiss
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LSM 410 laser scanning microscope (Zeiss, Gottingen,
Germany) using a 40 x /1.2 water immersion lens. Cy3
was excited with a 543-nm laser and fluorescence emission
was detected with a photomultiplier using a 570-nm long-
pass filter. Simultaneously, H-33342 was excited with UV
lasers at 351 and 364 nm, and the fluorescence emission
was detected with a second photomultiplier by applying a
560-nm dichroic beam splitter and a 400- to 470-nm band-
pass filter to achieve simultaneous detection of both fluoro-
phores. Confocal z sections of 1 pm thickness containing the
maximal number of labeled lysosomes were imaged. Cy3
fluorescence was assigned red, H-33342 fluorescence was
assigned green, and both images were superimposed. Ad-
ditional magnification was achieved electronically by appli-
cation of different ZOOM factors. Differential interference
contrast (DIC) images were acquired for each field of view
(FOV) to analyze the number and lengths of filopodia per cell.

Western Blot Analysis

HMEC and breast cancer cell lines were cultured in T-75
tissue culture flasks until they reached 70% to 80% conflu-
ence. Cells were scraped and homogenized with lysis buffer
containing 150 mM NaCl, 100 mM Tris—HCI, pH 8.0, 1 mM
EDTA, 0.5% Triton X-100, and a protease inhibitor cocktalil
(Roche Diagnostics GmbH, Mannheim, Germany). The
amount of soluble proteins was determined using a modified
Lowry assay (Bio-Rad, Richmond, CA). Twenty micrograms
of total protein was loaded to each lane. Two lanes were
loaded with prestained protein ladder (BenchMark; Life
Technologies, Rockville, MD) as a molecular weight stan-
dard. Proteins were electrophoretically resolved by 9% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride
membranes (Immobilon PVDF; Millipore, Bedford, MA) by
Western blotting. After blocking with 5% dry milk overnight at
4°C, PVDF membranes were incubated for 1 hour with 1:100
dilutions of hLAMP-1 (H4A3)— or hLAMP-2 (H4B4)—specific
monoclonal antibody (mouse). Subsequently, membranes
were washed three times with wash/dilution solution (PBS
containing 1% dry milk and 0.1% Tween 20), and incubated
for 1 hour with 1:3000 diluted sheep anti—mouse horseradish
peroxidase —conjugated second step antibody (Amersham,
Arlington Heights, IL). This was followed by five washes with
wash solution. Protein bands were visualized by an en-
hanced chemiluminescence Western blotting detection sys-
tem (Amersham) and recorded on X-ray film (Kodak Biomax;
Kodak, Rochester, NY). Molecular weights of the protein
bands were assigned using the prestained protein ladder
(BenchMark).

Image Processing

To analyze confocal fluorescence images of HMECs and
breast cancer cells, customized software was developed in-
house to detect boundaries of lysosomes and the nucleus
using a boundary detection algorithm. The boundary is
computed as a contour that tries to best fit the pool of pixels
(pixel size is 0.15625 x 0.15625 pm) and at the same time
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maintains smoothness along the boundary to avoid rough
edges as may arise due to imaging quality. By adjusting the
smoothness factor, the user can choose the acceptable
boundary by quick visual judgement. Based on this bound-
ary, the software calculates the center point and effective
diameter of each detected lysosome. Subsequently, it com-
putes, for each lysosome, the shortest distance from the
center of the lysosome to the pixel that represents the
boundary of the nucleus. The software provides a histogram
of lysosome-to-nucleus distance for all lysosomes in the cell, a
histogram of the lysosomal diameter distribution per cell, and
the total number of lysosomes per cell. Quantitation of filopo-
dia from DIC images of cells was performed manually. One
hundred cells from four independent experiments were ana-
lyzed per cell line and pH. The number of filopodia per cell was
counted and the length of each filopodium was measured.

Quantitative Analysis, Statistical Analysis, and Graphical
Representation of Data

The following analyses were conducted to determine if
there was a significant displacement of lysosomes relative to
the nucleus, as well as changes in lysosomal diameters or
lysosomal number, at different pH values. Because the
respective distributions were unknown, the median lysosome
distance, lysosomal diameter, or number of lysosomes was
determined for every cell of a given cell line at a given pH. To
assess the effect of varying pH (from 7.4 to 6.8, and from 7.4
to 6.4) on lysosomal displacement, lysosomal diameter, or
lysosomal number, the nonparametric equivalent of the
unpaired ttest (i.e., the Mann-Whitney U-test) with P = .05
as the significance threshold was used. The Mann-Whitney
U-test for difference in medians (pH 7.4 vs 6.8 and pH 7.4 vs
6.8) was first performed to test if this difference (D) was equal
to zero. If D# 0, the test was performed two more times to
determine if D> 0 or if D < O (i.e., to determine whether the
median lysosomal displacements, lysosomal diameters, or
number of lysosomes increased or decreased with a change
in pH). The Pvalues reported in the Results section were the
ones obtained for the latter test (D > 0, D < 0) wherever
applicable.

Box-and-whisker plots were created to graphically display
the relationship between the lysosomal displacement (as
estimated from the lysosome-to-nuclear distance), lysosom-
al diameter, and the number of lysosomes at different pH
values for each cell line. In these plots, a box is drawn with
the top at the third quartile and the bottom at the first quartile
of the respective distribution. The length of the box is a visual
representation of the interquartile range (i.e., the box repre-
sents 50% of the data). The location of the midpoint or
median of the distribution is indicated by a horizontal line in
the box. In addition, straight lines or whiskers extend 1.5
times the interquartile range above and below the 75th and
25th percentiles to help define outliers, if any.

The lysosomal burden per cell was calculated from the
median of the lysosomal diameter distributions, assuming a
spherical volume 4/311r%, multiplied by the median of the
number of lysosomes per cell.
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Figure 1. (a) Representative immunofluorescence staining of hLAMPs in tumor sections of breast carcinoma patients. The LAMP fluorescence is displayed in red;
the fluorescence of the cell nuclei is displayed in green. The image on the left shows a (i) normal duct (FOV 80 x 80 m). The central image shows (i) hyperplasia
(160 x 160 m). The image on the right shows a (iii) ductal carcinoma (80 x 80 m). Histological grading of the tumor sections was verified by hematoxylin and
eosin staining of neighboring sections of the same tumor. (b) Western blots probing for (i) hLAMP-1 or (ii) hLAMP-2 in cell lysates from HMECs and human breast
cancer cell lines used in this study. Left to right lane: MCF-12A, MCF-7, MDA-MB-231, and MDA-MB-435 cells. hLAMP-1 and hLAMP-2 antibodies revealed
immunoreactive bands between 100 and 140 kDa that are typical of mature, highly glycosylated LAMP proteins. Immunofluorescence staining of hLAMP-1/hLAMP-
2 in tumor sections as well as Western blots for h(LAMP-1/hLAMP-2 prove that this protein is ubiquitously expressed in breast tissues and human breast cancer cell

lines with different degrees of malignancy.

Biosynthetic Labeling of Lysosomes and Fluorescence
Detection in Living Cells

Labeling of lysosomes in living HMECs was performed
using a dansylated glucosamine that specifically labels lyso-
somal proteins as previously described [40]. Briefly, HMECs
or breast cancer cells were grown on sterilized 22 x 22 mm?
cover glasses in the presence of 500 pM 6-O-dansyl-GlcNH,
for 4 days. This cover glass was then sealed within a
microscopy-compatible perfusion chamber (designed by
Drs. Montrose and Maouyo; Ross Confocal Microscope

Facility, Johns Hopkins University) and continuously perfused
with cell culture medium at 37°C throughout the duration of
the experiment, as previously described [40]. Living cells
were analyzed by fluorescence microscopy using a Zeiss
LSM 410 laser scanning microscope and a 40 x /1.2 water
immersion lens. The dansyl group was excited with 351- and
364- nm lasers and the emission above 515 nm was detected
with a photomultiplier using a 515-nm long-pass filter. DIC
images were acquired for each FOV to analyze the local-
ization of the lysosomes in relation to the cell borders.
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Results

LAMP-1 and LAMP-2 Expression in HMECs

Because we studied HMECs and human breast cancer
cell lines representing different stages of malignancy, we
sought to verify the ubiquitous expression of the lysosomal
proteins of choice, hLAMP-1 and hLAMP-2, in breast tissue
specimens and the cell lines used in our study. This
was necessary because the expression of hLAMP-1/
hLAMP-2 has not been tested in either HMECs or breast
cancer cells before, and for our method of studying lysosomal
trafficking, it was crucial that hLAMP-1/hLAMP-2 were not
differentially expressed in malignant cells. We therefore
performed confocal immunofluorescence analysis of
hLAMP-1 and hLAMP-2 in tumor sections from six breast
carcinoma patients to verify the ubiquitous expression of
these lysosomal proteins in breast tissue specimens. Micro-
scopic evaluation of adjacent hematoxylin and eosin—stained
sections of breast tissue revealed that normal (Figure 1a(i)),
hyperplastic (Figure 1a(ii)), and malignant (Figure 1a(iii))

(@Q)pH7.4
control

(b) pH 6.8

(c) pH 6.4

HMECs express both hLAMP-1 and hLAMP-2, as shown in
Figure 1a. Western blot analyses revealed that the sponta-
neously immortalized HMEC line, MCF-12A, as well as the
estrogen-sensitive, poorly metastatic breast cancer cell line,
MCF-7, and two estrogen-independent highly metastatic
breast cancer cell lines, MDA-MB-231 and MDA-MB-435,
expressed both hLAMP-1 (Figure 1b(i)) and hLAMP-2 (Figure
1b(ii)), as shown in Figure 1b. Immunoreative bands were
detected between 100 and 140 kDa, which is typical of mature
highly glycosylated hLAMP-1 and hLAMP-2. Thus, hLAMP-1
and hLAMP-2 are ubiquitously expressed at different stages
of breast carcinogenesis and, in particular, in the cell lines
used in this study, which makes them suitable marker pro-
teins for imaging lysosomes in all of these cell lines.

Automated Image Analysis to Quantitate Lysosome-to-
Nucleus Distance, Lysosomal Diameters, and Number
of Lysosomes

Because hLAMP-1 and hLAMP-2 were ubiquitously
expressed in HMECs and the different human breast cancer

Figure 2. Representative immunofluorescence staining of invasive/metastatic MDA-MB-231 breast cancer cells exposed to (a) pH 7.4 (control), (b) pH 6.8, or (c)
pH 6.4. Examples from three images (80 X 80 m) are shown for each pH to demonstrate that in control cells (pH 7.4), lysosomes were mainly perinuclear, whereas
in cells at acidic extracellular pH (pH 6.8 and pH 6.4), lysosomes were more scattered and shifted toward the cell periphery.
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cell lines studied, confocal immunofluorescence microscopy
of either of these LAMPs allowed us to study lysosomal
trafficking under different steady-state conditions of pHe.
Figure 2 shows three representative immunofluorescence
images of MDA-MB-231 cells at a physiological pH of 7.4
(Figure 2a) and two acidic pH, values of 6.8 (Figure 2b) and
6.4 (Figure 2c) as an example (raw data of the other cell lines
studied are not shown). Cells maintained at an acidic extrac-
elluar pH value of 6.4 or 6.8 for 24 hours exhibited altered
lysosome-to-nucleus distance (lysosomal displacement) as
evident in the images in the (b) central and (c) lower panels of

(a)

Figure 2. Also, lysosomes were more scattered and shifted
toward the cell periphery in cells maintained at acidic pHe. In
control cells (pH 7.4; Figure 2a), lysosomes were mainly
observed in the perinuclear region.

Customized software was developed in-house to ana-
lyze these fluorescence images. Figure 3a displays snap-
shots of the image analysis window of this software. A
representative raw image is shown in Figure 3a(i), in
which lysosomes are displayed in red and the cell nucleus
is displayed in green. The software detects the boundaries
of the lysosomes (displayed in yellow) as well as the
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Figure 3. (a) Snapshots displaying the image analysis window of our in-house software to demonstrate the boundary detection of the nucleus (white line) and the
lysosomes (yellow lines) performed by the software. The image on the left is a (i) raw fluorescence image of a single MDA-MB-231 cell (80 x 80 m) and the image
on the right shows (ii) the same image after boundary detection by the software. (b) The frequency distribution of (i) lysosome-to-nucleus distance and (ii)
lysosomal diameter in MDA-MB-231 breast cancer cells exposed to pH 7.4 (upper panel, control), pH 6.8 (central panel), or pH 6.4 (lower panel). Individual cells
(typically from one to two cells per image) from four independent stainings per pH value were analyzed.
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boundary of the nucleus (displayed in white), as shown in
Figure 3a(ii), and computes the shortest distance from the
center point of each lysosome to the boundary of the
nucleus, as described in detail in the Materials and
Methods section. The software also computes the distri-
bution of lysosomal diameters and lysosomal number per
cell. Figure 3b displays typical histograms of the lysosomal
distance distribution (Figure 3b(i)) and lysosomal diameter
distribution (Figure 3b(ii)) generated by quantitative analy-
ses of fluorescence images using the in-house software,
reflecting the changes observed in the raw images (Figure
2). As evident from the example of MDA-MB-231 cells, the
software computed the frequency distribution of the num-
ber of lysosomes in cells under different pH conditions
versus distance from the nucleus, as shown in Figure
3b(i), and versus lysosomal diameter, as shown in Figure
3b(ii). At acidic pH values, a higher number of lysosomes
at a larger distance from the nucleus were detected when
compared with cells at pH 7.4 (Figure 3b(i)). Also, there
were fewer small-diameter lysosomes and more large-
diameter lysosomes at acidic pH values compared to pH
7.4 in this example of MDA-MB-231 breast cancer cells.
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Acidic pH, Shifts Lysosomes to the Cell Periphery
Lysosomes shifted toward the cell periphery at lower pH
values, in all the cell lines, as shown in Figure 4. MCF-12A
(Figure 4a) and MDA-MB-231 (Figure 4c) cells exhibited an
increase in the median lysosomal displacement (as estimat-
ed from the lysosome-to-nuclear distance) with decreasing
pH. As shown in Figure 4, the largest median distance was
apparent at the lowest pH of 6.4 in all cell lines except MCF-7
cells (Figure 4b), for which the largest median distance
occurred at pH 6.8. The Mann-Whitney U-test revealed a
statistically significant ( P < .05) increase in lysosomal dis-
placement for pH 6.4 vs 7.4 in all four human breast epithelial
cell lines independent of their degree of malignancy
(Figure 4). However, the increase in lysosomal displacement
at pH 6.8 vs 7.4 was significant ( P < .05) only in MCF-12A,
MCF-7, and MDA-MB-231 cells (Figure 4). To make sure
that the observed changes in lysosomal displacement were
not corrupted by changes in cell shape (e.g., cell swelling,
cell shrinking, or changes in cell polarity or spreading), cell
size was characterized at different pH values by determining
the maximum lysosome-to-nucleus distance. This maximum
distance, obtained from lysosomes localized at the plasma
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Figure 4. Box-and-whisker plots of changes in lysosomal displacement with extracellular pH in (a) MCF-12A, (b) MCF-7, (c) MDA-MB-231, and (d) MDA-MB-435
cells. The box represents the range between the third quartile and the first quartile of the respective distribution displaying the length of the interquartile range,
which is 50% of the data. The median of the distribution is indicated by the horizontal line in the box. *Represents P < .05. **Represents P < .01, pH 6.8 vs 7.4 and

pH 6.4 vs 7.4 (Mann-Whitney U-test; if D+ 0, P values for D > 0, D < 0).
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membrane, was used as an index for alterations in cell size at
different pH values. The results of these measurements are
summarized in Table 1. No significant differences of these
values were detected in the HMECs or any of the breast
cancer cells under different pH conditions, demonstrating
that there were no changes in cell shape with extracellular
acidosis.

Acidic pH, Leads to Changes in Lysosomal Diameter and
Lysosomal Number

Lysosomal diameters of the HMECs and the different
breast cancer cell lines, under different conditions of pH, as
measured by the in-house image analysis software, are
displayed in Figure 5. A shift toward larger lysosomal
vesicles was observed in the highly metastatic human
breast cancer cell lines MDA-MB-231 (Figure 5¢) and
MDA-MB-435 (Figure 5d) with decreasing pH (Figure 5,
lower panel). This increase in lysosomal diameter was
statistically significant (P < .001) for pH 6.4 vs 7.4 in
MDA-MB-231 and MDA-MB-435 (P < .01) cells, whereas
for pH 6.8 vs 7.4, only MDA-MB-231 cells displayed a
statistically significant (P < .05) increase in lysosomal
diameter (Figure 5, lower panel). In contrast, exposure to
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Table 1. Maximal Lysosome-to-Nucleus Distance in Microns for pH 7.4
(Control), pH 6.8, and pH 6.4 in an HMEC Line and Three Breast Cancer Cell
Lines Representing Different Stages of Breast Carcinogenesis.

Cell Line Maximal Lysosome Distance [pm] (Number of Images)
pH 7.4 (n) pH 6.8 (n) pH 6.4 (n)
MCF-12A 15.8 £ 1.1 (34) 16.7 + 1.0 (23) 16.6 = 0.7 (10)
MCF-7 27.1 £ 2.8 (10) 27.0 + 4.3 (4) 26.9 + 1.0 (9)
MDA-MB-231 19.2 + 1.1 (31) 19.1 £ 1.9 (27) 19.1 £ 0.8 (31)
MDA-MB-435 25.1 + 2.6 (14) 24.8 + 3.0 (5) 25.3 +2.2(9)

Data were obtained by analyzing n images from four different stainings per
pH and cell line using our in-house software. Values are mean + SE.

decreasing pH values resulted in smaller lysosomes in the
poorly metastatic breast cancer cell line MCF-7 (Figure 5b,
upper panel) and the HMEC line MCF-12A (Figure 5a,
upper panel). This decrease in lysosomal diameter was
significant (P < .01) for pH 6.8 vs 7.4 in MCF-12A and
MCF-7 ( P < .05) cells; for pH 6.4 vs 7.4, only nonmalignant
MCF-12A cells exhibited a significant ( P < .001) decrease in
lysosomal diameter (Figure 5, upper panel). The number of
lysosomes decreased at acidic pH values as compared to
physiological pH 7.4 in the HMEC line as well as all three
breast cancer cell lines (Figure 6). There was a greater
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Figure 5. Box-and-whisker plots of changes in lysosomal diameter with extracellular pH in (a) MCF-12A, (b) MCF-7, (c) MDA-MB-231, and (d) MDA-MB-435 cells.
The box represents the range between the third quartile and the first quartile of the respective distribution displaying the length of the interquartile range, which is
50% of the data. The median of the distribution is indicated by the horizontal line in the box. *Represents P < .05. **Represents P < .01. ***Represents P < .001, pH
6.8 vs 7.4 and pH 6.4 vs 7.4 (Mann-Whitney U-test; if D+ 0, P values for D > 0, D < 0).
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Figure 6. Box-and-whisker plots of changes in lysosomal number with extracellular pH in (a) MCF-12A, (b) MCF-7, (c) MDA-MB-231, and (d) MDA-MB-435 cells.
The box represents the range between the third quartile and the first quartile of the respective distribution displaying the length of the interquartile range, which is
50% of the data. The median of the distribution is indicated by the horizontal line in the box. *Represents P < .05. **Represents P < .01. ***Represents P < .001, pH
6.8 vs 7.4 and pH 6.4 vs 7.4 (Mann-Whitney U-test; if D+ 0, P values for D > 0, D < 0).

decrease in the two highly metastatic breast cancer cell
lines (Figure 6, lower panel) compared to the poorly meta-
static breast cancer cell line and the HMEC line (Figure 6,
upper panel). Lysosomal numbers were significantly re-
duced (P < .05) at pH 6.4 vs 7.4 in all four cell lines
(Figure 6). At pH 6.8 vs 7.4, all cell lines except MCF-7 cells
displayed a significantly (P < .01) decreased number of
lysosomes (Figure 6).

The lysosomal burden, given as the volume of all lyso-
somes per cell in Table 2, decreased with decreasing pH in
the HMEC line MCF-12A and the poorly metastatic breast
cancer cell line MCF-7. In contrast, lysosomal burden signif-
icantly increased in both highly metastatic breast cancer cell
lines MDA-MB-231 and MDA-MB-435 (Table 2).

Acidic pH, Shifts Lysosomes to the Cell Periphery in Living
Cells and Increases Cellular Filopodia Formation

To further validate the results obtained in fixed cells, the
effects of extracellular acidification were studied in live cells.
6-0O-dansyl-GIcNH, was used to specifically label highly
glycosylated lysosomal proteins and image lysosomes by
laser scanning confocal fluorescence microscopy in living
cells continuously perfused in a microscopy-compatible cell
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perfusion system, as previously described [40]. A compari-
son of DIC (Figure 7a) and fluorescence images (Figure 7b)
obtained from the same FOV allowed us to observe changes
in lysosomal trafficking with respect to the cell border and
the nucleus, as shown in Figure 7. After 4 hours of switching
cell perfusion to pH 6.4 medium, MDA-MB-435 breast cancer
cells started displaying a more scattered and more periph-
eral lysosome distribution (Figure 7b(ii)) than control cells

Table 2. Lysosomal Burden Per Cell in Cubic Micrometer for pH 7.4
(Control), pH 6.8, and pH 6.4 in an HMEC Line and Three Breast Cancer Cell
Lines Representing Different Stages of Breast Carcinogenesis.

Cell Line Lysosomal Burden [pm®/cell] (Number of Images)
pH 7.4 (n) pH 6.8 (n) pH 6.4 (n)
MCF-12A 16.8 (34) 6.0 (23) 3.7 (10)
MCF-7 28.9 (10) 17.0 (4) 15.4 (9)
MDA-MB-231 11.2 (31) 9.9 (27) 18.5 (31)
MDA-MB-435 11.6 (14) 7.3 (5) 14.5 (9)

Data were obtained by analyzing n images from four different stainings per
pH and cell line using our in-house software. Lysosomal burden was
calculated from the median of the lysosomal diameter distributions (Figure 5)
by assuming a spherical volume (4/311°) and the median of the number of
lysosomes per cell (Figure 6) to give the total volume of lysosomes per cell
(nm3/cell).
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(a) ©

(i) pH 7.4 (control)

(ii) 4 hours pH 6.4

(iii) 6 hours pH 6.4

Figure 7. Representative (a) differential interference contrast images (80 X 80 m) and (b) dansyl group fluorescence images (80 x 80 m) of living MDA-MB-435
human breast cancer cells perfused in the microscopy-compatible cell perfusion system using cell culture medium at (i) pH 7.4 (control), (i) pH 6.4 for 4 hours, and
(iii) pH 6.4 for 6 hours. Highly glycosylated lysosomal proteins of these cells were biosynthetically prestained prior to the experiment with the dansyl group carrying
glucosamine 6-O-dansyl-GIcNH,, as previously described [40]. Some cells displayed filopodia that contained lysosomes as well (b(ii), arrows).

maintained with medium at pH 7.4 (Figure 7b(i)). Addition-
ally, breast cancer cells displayed filopodia (Figures 7 (ii)
and 8, (ii) and (iii)) more frequently at acidic pH as compared
to cells maintained at physiological pH (Figures 7 (i) and 8(i)).
These filopodia often contained lysosomes or lysosomal
proteins at their distal ends as marked by arrows in Figure
7b(ii). Figure 7(iii) shows MDA-MB-435 breast cancer cells
in which lysosomes were translocated to the cell periphery
within 6 hours of switching the perfusion medium to pH 6.4.
Comparable results were obtained with live MDA-MB-231
cells. Living MCF-7 and MCF-12A cells also exhibited a more
scattered and peripheral lysosome distribution at pH 6.4
within 4 hours, but did not extend filopodia.

Figure 8 displays the number of filopodia per cell (Figure
8, upper panel) and the lengths of filopodia (Figure 8, lower
panel) as quantified from 100 cells after 24 hours of incuba-
tion at pH 7.4 (control; Figure 8(i)), pH 6.8 (Figure 8(ii)), and
pH 6.4 (Figure 8(iii)) in highly malignant MDA-MB-231 (Fig-
ure 8a) and MDA-MB-435 (Figure 8b) breast cancer cells.
The frequency of filopodia formations gradually increased
with acidic pH (Figure 8, (i) and (iii)) only in the highly
metastatic human breast cancer cell lines MDA-MB-231
(Figure 8a) and MDA-MB-231 (Figure 8b). The lengths of
filopodia gradually increased with low pH (Figure 8, (i) and
(iii)) in the highly metastatic breast cancer cell lines as well,

as shown in the lower panel of Figure 8. No filopodia
formation whatsoever was observed in HMECs and poorly
metastatic breast cancer cells.

Discussion

Maintaining HMECs and human breast cancer cells at an
acidic pHe resulted in profound changes in lysosomal dis-
placement, number, and diameter. Acidic pH, values of pH
6.8 and pH 6.4 caused a significant shift of lysosomes from
the perinuclear region to the cell periphery in the HMEC line
as well as in the breast cancer cell lines representing
different stages of malignancy. Lysosomal displacement to
the cell periphery occurred irrespective of whether the cells
were malignant or nonmalignant. Cells are exposed to acidic
pHe during hypoxic periods in normal tissues during wound
healing [43], or in the pathophysiological microenvironment
of tumors [26,27]. Lysosomes participate in the regulation
and function of matrix metalloproteinases, serine proteases,
and cathepsins, which are sequestered in lysosomal
vesicles. Lysosomal displacement to the cell periphery,
detected in response to an acidic pH, in this study, may
be a mechanism to facilitate increased secretion of degra-
dative enzymes. This would be the first step in the recruit-
ment of lysosomes toward the cell surface before lysosomal
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Figure 8. Quantitation of the number of filopodia per cell (upper panel) and the length of filopodia (lower panel) in invasive/metastatic human breast cancer cells (a)
MDA-MB-231 and (b) MDA-MB-435 at (i) pH 7.4 (control), (i) pH 6.8, and (iii) pH 6.4. 100 cells from four independent experiments were measured per cell line and
pH employing DIC images. In both metastatic breast cancer cell lines, the number of cells with a high number of filopodia as well as the number of long filopodia
increased gradually with decreasing pH. No filopodia were observed in MCF-12A HMECs and poorly invasive human breast cancer cells MCF-7.

exocytosis resulted in the actual secretion. A recent study
has demonstrated that lysosomes are the vesicles respon-
sible for exocytosis in nonsecretory cells [10]. The results
presented in this paper are consistent with studies where
cathepsin B redistribution toward the cell periphery was
observed at acidic pH, in cancer cells [33]. The significant
reduction in lysosomal numbers after chronic exposure to
acidic pH values suggests that increased exocytosis, not
compensated for by cellular biogenesis of lysosomes, may
have occurred.

One interesting finding to emerge from this study was that
lysosomal diameter and lysosomal burden decreased at low
pHe in HMECs as well as poorly metastatic breast cancer
cells, and increased at low pH. in highly metastatic breast
cancer cells. Although lysosomal diameters increased with
decreasing pH in highly metastatic breast cancer cell lines,
we did not observe lysosomal vesicles larger than 2 um as
previously reported [16,44] in breast cancer cells in a Matri-
gel migration assay. Our data suggest that extracellular
acidification alone is not sufficient to induce formation of
large acidic vesicles (LAVs) with a diameter of 5 to 10 um in
breast cancer cells. Access to particles such as ECM, glass
beads, or dextrans, which can be endocytosed by breast
cancer cells, may be required for the formation of LAVs in
these cells. Increased formation of cellular filopodia exten-
sion mediated by an acidic pericellular environment was
observed in the highly metastatic breast cancer cells only.
This filopodia formation may increase the cell’s ability to
perform directional cell migration. Localization of lysosomes
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or lysosomal proteins to filopodia indicates that lysosomes
were recruited to these filopodia extensions to potentially
facilitate directional invasion at these sites.

Previous observations in macrophages suggested an
outward movement of lysosomes along microtubules, with
decreasing cytoplasmic pH [45]. In cancer cells, however,
chronic acidic pHe does not cause chronic acidification of
cytoplasmic pH but adaptation of cellular pH regulation
enabling these cells to maintain a normal intracellular pH
while the pH, is acidic [46,47]. In vivo pH measurements
have revealed regions of acidic pH, in tumors although the
intracellular pH is maintained in the neutral range [48,49].
Therefore, cytoplasmic acidification as a consequence of
extracellular acidification seems to be an unlikely explana-
tion for the outward movement of lysosomes, observed in
the HMECs and the breast cancer cells, in the present
study. Previous studies have demonstrated that mammali-
an cells contain two populations of lysosomes based on
their spatial localization [10]. Consistent with these results,
most lysosomes are present in the perinuclear region
under physiological pH conditions in HMECs and breast
cancer cells, and only a small subpopulation is present
close to the plasma membrane. Only lysosomes predocked
at the plasma membrane undergo calcium-dependent exo-
cytosis [10]. This indicates that recruitment of lysosomes
to the cell surface during extracellular acidification is a
process that differs from lysosomal movement during cal-
cium-dependent exocytosis, as evident from the greater
range of lysosomal displacement. Microtubules involved in
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the long-range movement of lysosomes, or actin filaments
performing their local transport [8,50,51] may be the first
target of extracellular acidosis-induced lysosomal displace-
ment. Certain steps in the actin polymerization process and
actin binding to membrane-anchoring proteins were shown
to be associated with changes in cytoplasmic pH [52],
which may be translated into alterations in lysosomal
movement. pH, may thus play a role in signaling events
that cause the lysosomal rearrangement. However, further
studies are necessary to understand potential signaling
pathways, which may mediate the observed outward shift
of lysosomes during extracellular acidification.

Recent findings suggested that, in addition to their clas-
sical role as terminal digestive compartment of the cell
[3,58,54], lysosomes have other functions, such as calci-
um-dependent exocytosis in nonsecretory cells [10,55], cal-
cium-dependent plasma membrane repair in mammalian
cells through exocytosis [9], as well as developmentally
specialized lysosomal function during dendritic cell matura-
tion [56]. In this study, we have demonstrated, for the first
time, that extracelluar pH conditions affect the lysosome-
to-nucleus distance, diameter, and total numbers of lyso-
somes in HMECs and breast cancer cells. This is of critical
importance because the microenvironment in breast tumors
is usually characterized by acidic pH, values [28]. Filopodia
formation was triggered by acidic pH in the highly metastatic
breast cancer cells only, which may be related to their
invasive behavior. Future studies should clarify the specific
pathways involved in pH-mediated lysosomal trafficking and
the effects of an acidic environment on directed migration,
and address potential secondary effects of lysosomal traf-
ficking on proteases.
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