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Bleb formation is induced by alkaline but not acidic pH
in estrogen receptor silenced breast cancer cells
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Abstract. De novo and acquired resistance to endocrine-
based therapies in breast cancer occurs in parallel with
epithelial to mesenchymal transition (EMT), which is associ-
ated with enhanced proliferative and metastatic potential,
and poor clinical outcome. We have established several
endocrine insensitive breast cancer lines by shRNA-induced
depletion of estrogen receptor (ER) by transfection of MCF7
cells. All of these exhibit EMT. We have previously reported
that brief exposure of specifically ER™ breast cancer cells,
to extracellular alkaline pH, results in cell rounding and
segregation, and leads to enhanced invasive potential. In this
study we describe more detailed morphological changes and
compare these with cell exposure to acidic pH. Morphological
changes and localization of various molecules critical for
cell adhesion and motility, associated with pH effects, were
assessed by live cell microscopy, electron microscopy, and
immunofluorescence. Exposure of either ER™ or ER* breast
cancer cells to extracellular acidic pH did not induce signifi-
cant changes in morphological appearance. Conversely, brief
exposure of specifically ER silenced cells, to alkaline pH,
resulted in cell contractolation and formation of bleb-like
actin-rich structures which were evenly distributed on the
outer membrane. Integrin a2, FAK, and JAM-1 were found
in the cytoplasm streaming into the newly formed blebs.
These blebs appear to be related to cell polarity and move-
ment. Pre-treatment with cytochalasin-D or inhibitors of Rho
or MLCK prevented both contractolation and bleb formation.
Our data suggest that the effect of pH on the microenviron-
ment of endocrine resistant breast cancer cells needs to be
more extensively investigated. Alkaline, rather than acidic
pH, appears to induce dramatic morphological changes, and
enhances their invasive capabilities, through re-organization
of cortical actin.
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Introduction

About a third of breast cancer patients have tumors that either
do not express estrogen receptor (ER) or very low levels and
are therefore de novo resistant to endocrine therapy, as also
are a significant proportion of patients whose tumors are ER*.
Of the patients that do respond, the vast majority acquire
resistance during therapy (1). We have previously shown that
shRNA-mediated silencing of ER in MCF7 breast cancer cells
leads to endocrine insensitivity (2). This is accompanied by
transformation from an epithelial to a mesenchymal-like cell
(commonly referred to as epithelial to mesenchymal transition;
EMT) as evidenced both by their modified gene expression
profile (resembling that of MDA-MB-231 cells, a line that is
derived from an ER’ breast tumor) and their more fibroblast-
like morphological appearance (3). During the EMT process
described in vivo, epithelial cells undergo unique changes
which are accompanied by diminished intracellular adhe-
sion, resulting in enhanced motility and invasion, paralleled
with poor clinical outcome (4,5). Tamoxifen resistance has
been associated with changes in a large variety of molecules
that include growth factors, their tyrosine kinase receptors
and downstream signaling mediators such as MAPK, ERK,
PI3K, AKT and SRC, cell cycle regulators and ER associated
transcription factors and co-activators. Many of these are
also implicated in EMT (1), providing a compelling argument
for the parallelism between the two processes, as we have
observed in our model system; as a result, our ER silenced
cells have acquired enhanced proliferative, motile and inva-
sive capabilities, with chemotactic attraction towards various
growth factors and chemokines (6).

Of the many aspects of the tumor microenvironment that
play a critical role in cancer cell invasion and metastasis,
one that is receiving increased attention is the pH within
a growing tumor mass. Current thinking is that, in order to
maintain optimum slightly alkaline cytoplasmic pH and to
avoid acidosis, cancer cells undergoing excessive fermenta-
tive glycolysis (due to poor vascular perfusion and regional
hypoxia) extrude lactate and protons, thereby contributing to
acidification of the extracellular matrix (7-9), a phenomenon
linked to increasing tumor aggressiveness (7,8,10). The associ-
ated ion movements are facilitated through various transporters
and enzymes that include carbonic anhydrases, vacuolar
H*-ATPases, the H/Cl" symporter, the monocarboxylate
transporter, the Na*-dependent CI/HCO; exchangers, and the
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Na*/K* and Na*/H* ATPases (11-13). An acidic matrix has been
suggested to promote tumor metastasis (14,15), by facilitating
cancer cell clonal evolution through induction of chromosomal
instability and gene mutations (16,17) and extracellular matrix
degradation, in part through enhanced activity of proteases
(such as cathepsins) and matrix metalloproteinases (particu-
larly MMP2/9) (14,18). Several therapeutic interventions,
aiming to reduce tumor acidity through administration of
alkaline buffers (200 mM sodium bicarbonate), claim to have
raised the extracellular pH (pHe) without altering the intra-
cellular pH (pHi) (19), to have reduced lung metastasis (20),
and suppressed the formation of spontaneous prostate tumors
(21). In addition, several groups have found that treatment
with proton pump inhibitors reduced neoplastic development
of esophageal adenocarcinoma and hepatoblastoma (22,23).
Other reports however, have suggested that acidosis inhibits
cancer cell proliferation, induces stress response and apoptosis
(24-27), and reduces activation of Akt, whose upregulation is
frequently correlated with poor prognosis (28).

‘We have recently reported that brief exposure of specifically
ER silenced (but not ER expressing) breast cancer cells, to an
alkaline pH environment, can induce a marked morphological
change whereby individual cells rapidly shrink and become
spherical, with increased tendency to disaggregate from the
cluster of cells (termed contractolation). This phenomenon is
paralleled by changes in the level of expression and/or activity
of various signaling molecules. It is also co-incident with
enhanced invasive potential, with elevated MMP2/9 activity.
All of these morphological and functional changes can be
inhibited by drugs targeting two major ion pumps; Na*/K* and
the Na*/H* exchangers (29).

In the present study, we have further characterized the
morphological changes mentioned above, and identify the
components of the alkaline pH induced ring-like structures
or blebs on the outer membrane of ER cells. These appear to
be related to cell movement and polarity, and their formation
is dependent upon rearrangement and integrity of the actin
cytoskeleton. We show that acidic conditions fail to induce a
similar response and do not modify their metastatic behaviour.
These data suggest that environmental pH needs to be more
extensively investigated, and the notion of a purely acidic
driven mechanism for tumor dissemination may be over-
simplified, at least in respect of endocrine resistant cells.

Materials and methods

Cell lines. MCF7 breast cancer cells were obtained from the
American Type Culture Collection (VA, USA). YS1.2 (ERY)
and pIl (ER") cell lines were established in this laboratory
by transfection of MCF7 with ER directed shRNA plasmid
as described previously (2,3). The YS1.2 is a transfected line
that failed to downregulate the ER. For routine culture, all cell
lines were maintained as monolayers in advanced Dulbecco's
minimum essential medium (DMEM) containing phenol
red and supplemented with 5% fetal bovine serum (FBS),
600 pg/ml L-glutamine, 100 U/ml penicillin, 100 pg/ml strep-
tomycin and 6 m1/500 ml 100X non-essential amino acids (all
from Invitrogen, CA, USA), and grown at 37°C in an incubator
gassed with an atmosphere of 5% CO, and maintained at 95%
humidity. For YS1.2, the maintenance medium also contained
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G418 (1 mg/ml) but this was omitted during experiments.
The DMEM requires an atmosphere of 5% CO, to produce
HCO,; buffering capacity to maintain pH at 7.4 for normal cell
growth. Unless otherwise specified, cells were always grown
under these conditions. Upon exposure to normal atmosphere,
(and consequent loss of the ‘CO,-enriched’ environment) this
medium reaches a maximum pH value of ~8.3 within a few
minutes in either flasks with a loosened cap or in tissue culture
dishes/microtiter plates with free air flow. The term ‘alkaline
conditions’ in the text refers to this pH value of 8.3. In order to
maintain the medium at acidic pH (6.5), or to culture the cells
at specific alkaline pH without raising it gradually through
exposing the cells to the normal atmosphere, CO,-independent
medium (Invitrogen) was used to stabilize the pH value inde-
pendently of the surrounding atmosphere.

Antibodies. The following antibodies were obtained from
Cell Signaling, USA: Akt (cat no. 9272), FAK (cat no. 9330),
vimentin (cat no. 3932), and actin (cat no. 4967). The following
antibodies were obtained from Abcam: integrin-a2 (cat
no. ab55340), and JAM-1 (cat no. ab52647).

Microscopic analysis of morphological changes in response
to pH. For each cell line, 10° cells were seeded into individual
wells of a 12-well plate and allowed to settle at 37°C for
24 h. To induce a gradual increase in pH, culture plates were
removed from the gassed incubator (i.e., from the 5% CO,
atmosphere needed to maintain the buffering capacity of
the DMEM) and placed in an ungassed incubator at 37°C. In
another experimental set-up, cells were cultured at specific
acidic or alkaline pH by using the CO,-independent medium
adjusted to pH 6.5 or 8.3 and placed in an ungassed incubator
at 37°C. Several fields containing colonies were marked and
photographed immediately and after several time-points (as
indicated in the text) using an Olympus inverted microscope
fitted with a camera. Resultant changes in cell size and shape
in each photographed field were quantified in terms of the
field area occupied by cells, using Adobe Photoshop CS4
Measuring Tool.

Live cell imaging. The effect of pH change on plI cells was
monitored by time-lapse photography using a live cell imager
(Cell Observer HS, Zeiss, Germany). Cell monolayers grown
in 5% CO, in a 25-cm? tissue culture flask were placed inside
the imaging chamber maintained at 37°C and then exposed to
normal atmosphere by loosening the cap (to induce a gradual
increase in the pH to 8.3). In separate experiments, images
were recorded every 5 min over a 72-h period, at either x20,
x40 or x60 magnification. AxioVision software (Zeiss) was
used to combine all the individual snap shots to generate a
video using Windows Movie Maker software (Microsoft). The
effect of amiloride or zoniporide (10 xM) was tested by pre-
treatment of cells with either agent for 1 h before placing in
the imager.

Electron microscopy. Coverslips (22x22 mm) were coated
with 50 ug/ml of poly-D lysine for 4 h, air-dried at room
temperature and sterilized by UV light for 15 min. After that,
pII cells (1x10%) were seeded in 6-well plates containing the
coated coverslip and allowed to grow for 2 days. Cells were
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washed with PBS and fixed with 3% glutaraldehyde for 3 h
at room temperature. After that, cells were washed with
Millong's phosphate buffer three times and then treated with
1% osmium tetroxide for 2 h. Then the cells were washed
with Millong's phosphate buffer three times. The coverslips
were carefully removed and adhered to double-sided carbon
tabs on aluminum stubs. The coverslips were then gold coated
with Autofine coater JFC-1600 (Jeol, Japan) for 40 sec to
have a uniform fine conducting layer of electrons. The coated
coverslips was observed under scanning electron microscope
(SEM) Carryscope JCM-5700 (Jeol).

Apoptosis assay. pll cells were cultured in 6-well plates at
various pH (7.4, 8.3 and 6.5) using the CO,-independent
medium. In addition, another batch of cells were cultured in
normal DMEM and then transferred to an ungassed incubator
at 37°C for 1 h to induce a gradual increase in the pH to 8.3. All
of the cells were then trypsinized, pelleted by centrifugation
at 1000 g for 3 min and washed twice by re-suspension and
centrifugation in ice-cold PBS and once in Annexin V binding
buffer [10 mM HEPES/NaOH (pH 7.4),0.14 M NaCl, 2.5 mM
CaCl,]. The final cell pellet was re-suspended in 100 ul of
Annexin V binding buffer at 5x10° cells/ml and processed for
FACS analysis using the PE Annexin V apoptosis detection
kit I from BD Pharmingen (USA). Cells were stained in the
following manner: a) cells only (negative control); b) with
10 ul of Annexin V-PE; ¢) with 20 ul of 7AAD; and d) with
10 pl of Annexin V-PE plus 20 ul 7TAAD. All incubations were
performed in the dark at room temperature (RT) for 15 min.

Actin staining. YS1.2 and plI cells grown overnight at 37°C,
5% CO, in 8-well glass chambered slides (Lab-Tek, USA) were
treated in the following manner: a) continued to be cultured at
37°C, 5% CO, (pH 7.4); b) medium changed to CO, indepen-
dent media pH 6.5 for 1 h at 37°C; or ¢) medium changed to
CO, independent media pH 8.3 for 1 h at 37°C. All cells were
then fixed with 3.7% paraformaldehyde and stained with either
phalloidin (red stain) or phallotoxin (green stain) to visualize
F-actin, and examined by confocal microscopy.

In a separate experimental set-up, cells were pre-treated
with various concentrations of cytochalasin-D (StressMarq,
USA), a rho kinase inhibitor (Millipore, USA), or myosin
light chain kinase (MLCK) inhibitor peptide 18 (Millipore)
for 1 h and either fixed directly with 3.7% paraformaldehyde,
or after exposure to alkaline pH (as above) for 1 h. To visu-
alize the nuclei, cells were finally incubated with DAPI (blue
stain).

Immunostaining. YS1.2 and pll cells were cultured and fixed
as described above, washed with 1% BSA and incubated
overnight at 4°C with primary antibody diluted in 1% BSA:
anti-integrin a-2 (1:50 dilution), anti-vimentin (1:150 dilution),
anti-AKT (1:500 dilution), and anti-JAM-1 (1:100 dilution).
After several washes in PBS, followed by incubation with
secondary antibody (1:500 dilution in 1% BSA) for 1 h in the
dark at RT, cells were mounted and examined by fluorescence
confocal microscopy.

Membrane ruffling and polarity assays. For assessment
of membrane ruffling, pII cells were stimulated with EGF
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(Sigma, USA) (10 ng/ml) for 10-30 min at 37°C, 5% CO,
followed by paraformaldehyde fixation and phalloidin
staining. For polarity experiments, pll cells were cultured
on a polylysine coated glass coverslip and allowed to adhere
overnight. The coverslip was then embedded in a 10-cm? petri
dish in contact with previously added solidified 0.5% ultra-
pure agarose (Invitrogen) containing either PBS (control) or
0.1 mg/ml EGF. DMEM was carefully pipetted into the dish
and cells incubated overnight at 37°C, 5% CO, followed by
paraformaldehyde fixation and phalloidin staining. In another
experimental setup, after the overnight incubation with EGF,
cells were incubated for 1 h in a 37°C ungassed incubator to
induce a gradual increase in pH to 8.3, then fixed and stained
with phalloidin.

Statistical analysis. Differences between means of individual
groups were assessed by the Student's two tailed unpaired
t-test: p<0.05 was considered statistically significant.

Results

Effect of acidic pH on cell morphology. No specific morpho-
logical changes were observed by exposure of either the ER*
YS1.2 or the ER plI cells to extracellular acidic pH. This is
illustrated for plI cells in Fig. 1A. The left panel shows plI cells
photographed immediately after removal from the incubator
when the culture medium was at pH 7.4, while the right panel
shows plI cells after transfer to acidic pH medium for 30 min
at 37°C.

Effect of short exposure to alkaline pH on morphology and
viability of pll cells. The left panel in Fig. 1B shows plI cells
photographed immediately after removal from the incubator
when the culture medium was at pH 7.4, while the right panel
shows the same cells cultured in an ungassed incubator at
37°C for 30 min, at which time the pH of the medium had
become noticeably alkaline as evidenced by the purple color
of the phenol red indicator and confirmed by pH meter. A
dramatic morphological change was observed, where cells
separated from each other and became spherical (contracto-
lation). These alkaline pH-induced morphological changes
also occurred when cells were cultured in serum-free media
(data not shown). Fig. 1C shows higher magnification views;
multiple ring or vesicle-like bleb structures were observed on
the outer cell membrane, which all disappeared within 2-3 h of
returning the cells to pH 7.4. Prior exposure of cells to either
amiloride or zoniporide inhibited both contractolation and
bleb formation as shown in Fig. 1D and E, respectively, which
suggests that these two processes occur simultaneously. Fig. 1F
shows that there was a significant reduction in the culture area
occupied by plI cells (30-40%) after exposure to alkaline but
not acidic pH. Since membrane blebbing has been observed as
an early event preceding cell death, we analysed the cells for
any indication that the short exposure to alkaline or acidic pH
had a damaging effect. Fig. 1G shows the percentage of viable,
apoptotic and necrotic plI cells after exposure to neutral, acidic
or alkaline pH for 1 h. In the experiment performed, most of
the cells (90-95%) were viable when cultured at pH 7.4 and
no significant difference was observed after exposure to either
acidic or alkaline pH, suggesting that the formation of blebs
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Figure 1. Effect of acidic and alkaline pH on contractolation and apoptosis of plI cells. (A) plI cells grown in complete DMEM photographed immediately after
removal from the CO, gassed incubator (pH 7.4) and after exposure to acidic pH at 37°C for 30 min by exchanging with CO,-independent medium. (B and C)
plI cells (at x20 and x40 magnifications) grown in complete DMEM photographed immediately after removal from the CO, gassed incubator (pH 7.4) and
after exposure to atmospheric conditions for 30 min (which increased the pH to 8.3). (D and E) The effect of pre-treatment for 1 h with 10 uM amiloride (D) or
10 uM zoniporide (E). Scale bars represent 40 ym (A and B) and 20 ym (C-E). (F) Histobars show the quantified area in selected fields (mean = SEM of at least
3 separate fields of at least 3 independent experiments) occupied by plI cells cultured at pH 7.4 and then exposed to pH 8.3 and 6.5 for 30 min; values expressed
relative to control (pH 7.4). Asterisk denotes significant difference from the pH 7.4 condition with p<0.05. (G) Cell viability determined by flow cytometry
using Annexin V/7AAD staining of cells cultured at pH 7.4 harvested either: i) immediately after removal from the CO, gassed incubator (pH 7.4, open bar);
ii) after exposure to alkaline condition for 1 h by exchange with CO,-independent medium (light gray bar); iii) after exposure to atmospheric conditions for 1 h
(as the pH gradually increased to 8.3; dark gray bar); or iv) exposure to acidic condition by exchange with CO,-independent medium (black bar).

seen rapidly after exposure to alkaline pH is not associated  exposure to alkaline pH. Cells started to detach from the plate
with cell apoptosis. after 4 h and beyond and they were unable to re-adhere or grow

when they were subsequently placed back at pH 7.4. Fig. 2B
Effect of prolonged (overnight) exposure to alkaline pH. shows phalloidin staining of the actin cytoskeleton for plI cells

Fig. 2A shows plI cells photographed at various times after  at neutral pH (left panel), after brief exposure to alkaline pH
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Figure 2. Effect of prolonged incubation of plI cells at alkaline pH. pII cells were cultured overnight in DMEM medium in a 12-well plate and then photo-
graphed immediately before transfer to an ungassed incubator and after 30 min, 3 h and overnight incubation (i.e., under alkaline conditions) (A). (B) Cells
stained with phallotoxin (green stain) at pH 7.4 or after exposure to alkaline pH for 30 min or overnight. Nuclei are highlighted by the blue DAPI staining.
(C) Cell viability determined by trypan blue exclusion. Asterisk indicates significant difference from pH 7.4 condition with p<0.001. Scale bars represent

20 ym (A) and 40 ym (B).

(contractolation, middle panel) or, after prolonged (overnight)
exposure to alkaline pH (right panel) when cells lost their
membrane integrity and demonstrated nuclear condensa-
tion, suggesting cell death. Fig. 2C shows the percentage of
viable plI cells after various exposure times to alkaline pH as
determined by trypan blue exclusion. Approximately 80%
of cells were stained with trypan blue after an overnight
exposure, confirming the immunofluorescence data (Fig. 2B,

right panel). Neither pII nor YS1.2 cell lines appeared to be
adversely affected by overnight incubation in acidic pH (data
not shown), as judged by their ability to continue normal
growth when returned back to a pH 7.4 environment.

Effect of extracellular pH on the actin cytoskeleton. Fig. 3A
shows phalloidin staining of the actin cytoskeleton for YS1.2
and plI cells at pH 7.4. When YS1.2 cells were cultured in
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Figure 3. Staining of actin cytoskeleton after exposure to acidic or alkaline
pH. YS1.2 and plI cells were cultured at pH 7.4 or exposed to acidic or alkaline
pH for 1 h at 37°C by exchange with CO,-independent medium, and stained
with phalloidin. Scale bars represent 20 gm.

either acidic or alkaline pH for 1 h, no marked difference in
staining was observed (Fig. 3B and C, left panels). plI cells
cultured in alkaline medium showed a re-distribution of phal-
loidin staining from the cytoplasm to the outer membranes
with particularly intense staining of the membranes of the
newly formed blebs (Figs. 2B, middle panel, and 3C, right
panel). When plI cells were cultured in acidic pH medium,
some cells did exhibit minor increased membrane staining and
some rounding was observed in a few cells but without bleb
formation (Fig. 3B, right panel). Fig. 4 shows the ultastructural
changes in the plasma membrane of pll cells upon exposure
to alkaline pH as visualised by scanning electron microscopy.
At neutral pH, there are few lamellipodia or other protruding
structures apparent on the cell's outer membrane (Fig. 4, left
panels). After brief exposure to alkaline pH, pII cells exhibited
a rounded shape with numerous invaginations and prominent
blebs covering the entire cell surface, confirming and further
extending the live cell imaging and immunofluorescence data
(Fig. 4, right panels). What appeared to be hair-like extensions
under the light microscope are seen here as flowing cyto-
plasmic protrusions.

Effect of cytochalasin-D on phallotoxin staining of pll cells.
Fig. 5A shows actin distribution in plI cells using phallotoxin
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Figure 4. Visualisation of plI cells by scanning electron microscopy. pll cells
grown on glass coverslips in DMEM media at either pH 7.4 (left panels), or after
exposure to alkaline pH for 30 min (right panels) were fixed and processed as
described in Materials and methods, and photographed at various magnifica-
tions as indicated using a SEM Carryscope JCM-5700 (Jeol).

staining after exposure to various concentrations of the potent
actin polymerization inhibitor cytochalasin-D. At 1 uM and
higher, the staining pattern reflected a marked disruption
of the membrane structure. We chose a lower concentration
(200 nM) of the drug, at which it exhibited minimal effect on
the actin structure at pH 7.4, to test its effect on the alkaline
induced morphological changes in plI cells. At this concen-
tration it completely inhibited or reversed the morphological
changes and the re-distribution of actin associated with alka-
line pH when it was added to the cells either before or after
exposure to alkaline pH (Fig. 5B).

Effect of Rho kinase inhibitor on phallotoxin staining of pIl
cells. Fig. 6A shows phallotoxin staining of pll cells after
treatment with various concentrations of the Rho kinase
inhibitor. At 1 M and higher, there was a marked disruption
of the membrane and actin cytoskeleton structure. At 100 nM
the drug had minimal effect on the actin distribution, but
completely inhibited the morphological changes associated
with alkaline pH when it was added to the cells 1 h before
culturing in alkaline pH (Fig. 6B).

Effect of myosin light chain kinase (MLCK) inhibitor on phal-
lotoxin staining of pll cells. Fig. 7A shows phallotoxin staining
of pII cells after treatment with various concentrations of the
MLCK inhibitor peptide 18. At 5 puM and higher, there was



INTERNATIONAL JOURNAL OF ONCOLOGY 46: 1685-1698, 2015

No drug

1691

200 nM

pH 8.3
No drug

cytD pre-treatment
followed by pH 8.3

pH 8.3 followed by
cytD treatment

Figure 5. Effect of cytochalasin-D (cytD) on actin cytoskeleton of plII cells. (A) Cells cultured overnight at pH 7.4 stained with phallotoxin (green) after treat-
ment with various concentrations of cytD (200 nM-2 uM) for 1 h. (B) Cells stained with phallotoxin either after exposure to alkaline pH for 1 h, pre-treatment
for 1 h with 200 nM cytD then exposure to alkaline pH for 1 h, or after exposure to alkaline pH for 1 h then treatment with 200 nM cytD. Nuclei are highlighted

by the blue DAPI staining. Scale bar represents 10 gm.

No drug

pH 8.3
No drug

Rho pre-treatment
followed by pH 8.3

Figure 6. Effect of Rho kinase inhibitor on actin cytoskeleton of plI cells.
(A) Cells cultured overnight at pH 7.4 stained with phallotoxin (green) after
treatment with various concentrations of Rho kinase inhibitor (100 nM-20 pM)
for 1 h. (B) Cells stained with phallotoxin after exposure to alkaline pH for
1 h, or after 1-h pre-treatment with 100 nM of Rho kinase inhibitor followed
by exposure to alkaline pH for 1 h. Nuclei are highlighted by the blue DAPI
staining. Scale bar represents 10 gm.

a marked disruption of the membrane and actin cytoskeleton
structure. At 2-5 yM the drug had minimal effect on the actin
distribution. At this concentration it completely inhibited the
morphological changes associated with alkaline pH when it
was added to the cells 1 h before culturing in alkaline pH
(Fig. 7B).

Effect of epidermal growth factor (EGF) on phalloidin
staining of pll cells. Fig. 8 A shows phalloidin staining of
pllI cells at neutral pH. Exposure to medium containing EGF
(10 ng/ml) for 10 and 30 min at pH 7.4 (Fig. 8B and C respec-
tively) resulted in more intense membrane staining, reflecting
increased membrane ruffling, but there was no indication of
formation of blebs. When cells were placed near a source of
EGF (in a strip of agarose gel) they tended to move in that
direction (Fig. 8E), showing polarization, reflected in the
distribution of phalloidin staining. This was not seen with
PBS-containing gel (Fig. 8D). plI cells exposed to alkaline pH
(by transfer of the dish to normal atmosphere) for 1 h before
fixation and staining, exhibited contractolation as expected but
with formation of blebs principally on the surface of the cell
facing the EGF source (Fig. 8G), in marked contrast with the
more random distribution of the blebs when the adjacent gel
contained PBS only (Fig. 8F).

Effect of extracellular pH on expression of vimentin. Fig. 9A
shows vimentin staining (green stain) in plI cells (which have
undergone EMT and express mesenchymal markers) at neutral
pH with a polarized peri-nuclear pattern. The distribution of
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5uM

inhibitor followed by pH 8.3

Figure 7. Effect of myosin light chain kinase (MLCK) inhibitor on actin cytoskeleton structure of pII cells. (A) Cells cultured at pH 7.4 stained with phallotoxin
(green) after treatment with various concentrations of MLCK inhibitor (0.5-10 M) for 1 h at 37°C at pH 7.4. (B) Cells were stained with phallotoxin after
exposure to alkaline pH for 1 h, or after 1-h pretreatment with 2 or 5 uM of MLCK inhibitor followed by exposure to alkaline pH for 1 h. Nuclei are highlighted

by blue DAPI staining. Scale bar represents 10 ygm.

this protein was unaffected by exposure to either acidic or
alkaline conditions for 1 h (Fig. 9B and C respectively) and it
did not appear in the blebs.

Effect of extracellular pH on expression of AKT. Fig. 10A
shows AKT staining (red stain) in plI cells at neutral pH with
a diffuse cytoplasmic staining pattern. The distribution of this
protein was unaffected by exposure to acidic conditions for 1 h
(Fig. 10B). At alkaline pH (Fig. 10C) the staining was greatly
reduced and was conspicuously absent from the blebs.

Effect of extracellular pH on expression of adhesion
molecules. Figs. 11-13 show distribution of integrin-a2,
junctional adhesion molecule-1 (JAM-1), and focal adhesion
kinase (FAK) (red stain), respectively, in pll cells, after 1-h
exposure to neutral, acidic or alkaline pH. These molecules
show diffuse cytoplasmic expression in neutral pH conditions
(panels A); this pattern was not changed upon exposure to
acidic pH (panels B). Under conditions of alkaline pH, these
molecules were seen inside the newly formed blebs, but did
not appear to be part of the membrane, which was stained with
phalloidin (panels C). It was noted that the intensity of staining
for FAK was markedly increased upon exposure to alkaline
pH when compared to neutral or acidic conditions (Fig. 13)
under which it was very poorly expressed.

Discussion

Acidic vs. alkaline pH. The majority of the data in the literature
appears to support the idea that the tumor microenvironment
is acidic in nature and aids in tumor development and progres-
sion through various mechanisms (reviewed in ref. 13). This
has prompted exploration of alkalinization-based therapeutic
measures to nullify this acidity (30,31) and such proposals
have already entered the popular press as a new type of cancer
treatment. We have previously shown that alkaline condi-
tions have a dramatic effect, though only on ER" cells, and in
particular on those that have acquired functional loss of ER as
opposed to those that are de novo ER" (29).

In the present study we observed that even prolonged
(overnight) exposure to acidic conditions did not significantly
affect either the ER* or the ER' cell lines with respect to either
the type of morphological changes (Fig. 1) or enhancement of
cell motility and invasion induced by very brief exposure to
alkaline pH (data not shown). In contrast with this observation,
both mouse B16-F1- melanoma (32) and human A-07, D-12, or
T-22 melanoma (33) are reported to acquire enhanced invasive
ability in acidic pH, suggesting that the pH effect might also
be tissue specific. Indeed, consistent with our observations,
exposure of human colonic adenoma and carcinoma cell lines
to acidic pH significantly reduced their proliferative capacity
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PBS
well

Figure 8. Effect of EGF (0.1 mg/ml) and pH on membrane ruffling and polarity of plI cells. (A-C) Cells cultured overnight at pH 7.4 and stained with phalloidin
either directly (A), or after EGF treatment for 10 min (B) and 30 min (C). (D-G) Phalloidin staining of cells cultured overnight in wells adjacent to an agarose
plug containing either PBS or EGF positioned to one side as indicated. Cells (F and G) were additionally exposed to pH 8.3 for 1 h (by moving to ungassed

incubator) prior to fixation and staining. Scale bars represent 10 ym.

(24). In addition, expression of the universal inhibitor of cell
cycle dependent kinases WAF1 was increased by exposure
of human glioblastoma cells to acidic pH and resulted in cell
cycle arrest in G1 (34-36). With respect to the ability of cells
to survive over longer periods under the stressful conditions of
acid/alkaline pH (24), reported enhancement in proliferative
capacity of human colonic adenoma and carcinoma derived
cell lines that had previously been exposed to alkaline pH for
4 days (37) observed that exposure of their murine fibrosar-
coma cell line Fsa-II to alkaline conditions caused cell death
by generation of reactive oxygen species (within 90 min),
DNA fragmentation (within 24 h) and mitochondrial damage
(within 6 h). Whilst all our cell lines appear able to survive
well in acidic conditions, alkaline pH starts to induce cell
death of pII and YS2.5 [both ER silenced lines (3)] after ~4-h
exposure. With exposures of <2 h they are able to revert to
their original morphology and continue normal growth if
restored to pH 7.4 medium. The ER* MCF7 cells are able to
survive for longer periods, with significant cell death evident
from ~8-10 h onwards (data not shown). This might be due to
the stronger cell-cell contact in ER* cells compared to more

loose contacts in ER" cells (due to the loss of adherent and
tight junctions proteins during the EMT process), or perhaps
to a higher threshold of resistance to alkaline-induced death
in ER* vs ER cells. Thus it seems brief exposure to alkaline
pH confers advantages to endocrine resistant cancer cells,
in terms of increased motility and invasive capacity, while a
longer period is detrimental.

Contractolation. The alkaline induced shrinking and rounding
phenomenon of the cell that we documented previously, when
examined more closely at higher magnification, indicates
thickening of the plasma membrane (often also referred to
as ruffling) and formation of vesicular invaginations closely
resembling cytoplasmic ‘blebbing’ described during early
embryogenic migration (38). In a more general context, and
as distinct from the more extensively studied membrane
protrusions enabling motile functions such as lamellipodia
and filopodia, blebs are associated with motility (39), cell
spreading (40), cytokinesis (41) and mitosis (42-45).
Membrane blebbing (46,47) is also seen during the execu-
tion phase of apoptosis which subsequently leads to DNA
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PH 6.5

PH 8.5

Phalloidin Vimentin Merge with DAPI
Figure 9. Effect of pH on localization of vimentin in plI cells. Cells stained
with phalloidin (red), anti-vimentin antibody (green), or DAPI (blue) after
culturing in pH 7.4 (A), or after exposure to acidic (B) or alkaline (C) pH for

1 h at 37°C. Scale bar represents 20 pm.
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Figure 10. Effect of pH on localization of AKT in plI cells. Cells stained
with phallotoxin (green) and anti-AKT (red) after culturing in pH 7.4 (A),
or after exposure to acidic (B) or alkaline (C) pH for 1 h at 37°C. Scale bar
represents 20 ym.
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PH 7.4

PH 6.5

PH 8.3

Phallotoxin

Integrin a2  merge with DAPI

Figure 11. Effect of pH on localization of integrin a-2 in plII cells. Cells
stained with phallotoxin (green) and anti-integrin a2 antibody (red) after
culturing in pH 7.4 (A), or after exposure to acidic (B) or alkaline (C) pH for
1 h at 37°C. Scale bar represents 20 pm.

fragmentation, chromatin condensation and apoptotic cell
death (48-50). Treatment of PC6-3 cells with the caspase
inhibitor z-VAD-FMK for 24 h generated similar blebs (51),
and these were also correlated with cell death. The time
needed to form blebs in PC6-3 cells was significantly longer
compared to what we have observed in plI cells upon exposure
to alkaline pH (24 h vs <10 min). In general however, bleb
dynamics are quite rapid (52).

It has been well documented that actin is the main compo-
nent of most of these membrane blebs (53-57), with other
known constituents being myosin and ezrin (52). Formation of
blebs, such as in Walker 256 carcinosarcoma cells, have also
been described as areas where cortical actin is initially depoly-
merized and constitutes a boundary separating the blebs from
the rest of the cell (58); this would generally be followed by
reconstitution of an actin cortex. It is considered that the major
role of the actin cytoskeleton in formation of membrane blebs
is to increase the intracellular hydrostatic pressure by cortical
contraction, which results in protrusions at sites where the
elastic resistance is reduced. Myosin also plays a critical role
in the formation of membrane blebs. The myosin II contractile
activity is stimulated through phosphorylation of myosin light
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PH 6.5

PH 8.3

Phallotoxin JAM-1 Merge with DAPI

Figure 12. Effect of pH on distribution of junctional adhesion molecule-1
(JAM-1) in plI cells. Cells were stained with phallotoxin (green), anti-JAM-1
antibody (red), or DAPI (blue) after culturing in pH 7.4 (A), or after exposure
to acidic (B) or alkaline (C) pH for 1 h at 37°C. Scale bar represents 20 ym.

chain on serine 19 by MLCK which catalyzes the interaction
between myosin and actin needed to produce sliding forces
for cell contraction and movement (59,60). Microinjection of
catalytically active MLCK can induce bleb formation (41). In
addition, the small GTPases Rho, Rac and CDC42 [which are
elevated in plI cells (3)] play an important role in cytoskel-
etal rearrangement and actin stress fiber formation (61,62);
treatment with the actin de-polymerizer cytochalasin-D, or
inhibitors of MLCK and Rho kinase activity, all inhibited
bleb formation in serum-deprived z-VAD-FMK treated PC6-3
cells (51). We found that F-actin is the main component of the
membranes of the blebs formed in response to exposure to
alkaline pH. Molecules critical for adhesion and motility, such
as JAM-1, FAK and integrin-a2, were seen to flow from their
diffuse cytoplasmic locations into the newly formed blebs, but
were not part of the membrane. This shows that the blebs are
continuous with the rest of the cell; however, other molecules
such as vimentin, exemplifying the mesenchymal phenotype
(in place of the keratin found only in the ER* cells), did not
alter their perinuclear distribution and were not seen inside the
blebs (Fig. 9). Cytochalasin-D, MLCK and Rho kinase inhibi-
tors all completely disrupted the plasma membrane of all our
cells. Pre-treatment of pll cells, prior to exposure to alkaline
pH, with lower concentrations, at which the integrity of plasma
membranes was maintained (reflected in the continuity of actin
staining), prevented bleb formation. Moreover, these drugs also
caused retraction of already formed blebs when added to plII
cultures that had been previously shifted to pH 8.3 (Figs. 5-7)
(51 had previously found that MLCK inhibitors were able to
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Figure 13. Effect of pH on distribution of focal adhesion kinase (FAK) in pII
cells. Cells were stained with phallotoxin (green), anti-FAK antibody (red),
or DAPI (blue) after culturing in pH 7.4 (A), or after exposure to acidic (B) or
alkaline (C) pH for 1 h at 37°C. Scale bar represents 20 ym.

decrease blebbing. Involvement of RhoA-ROCK and myosin in
bleb formation has also been previously documented (46,63),
with (64) suggesting that bleb-associated motility could be
reflective of reduced substratum adhesion, as indeed would be
true of our plI cells that lack many critical adhesion proteins
such as E-cadherin (65) previously showed that blebs can be
either stationary or move to the leading edge or backward
over the cell body. We observed that the formation of blebs, in
response to alkaline pH, is relatively uniform along the entire
cell body but they can re-distribute towards a chemoattractant
source (in this case EGF) in a polarized manner (Fig. 8D-G).
It is interesting that while the chemoattractant is also clearly
able to cause cell polarization in its direction at pH 7.4, with
increased mobilization of actin into a thickened membrane, it
did not induce any blebbing.

These observations are consistent with our previous data
that suggest that the blebs may enhance the directional invasive
ability of endocrine resistant breast cancer cells (29). It would
appear that in fact, blebs are normal protrusions of locomoting
cells both in vitro and in vivo (66-68) and they can transform
into lamellipodia and vice versa (38,69,70). Migrating dictyo-
stelium cells can switch from pseudopods to blebs (71). In
addition, the mesenchymal type of tumor cells (such as plI)
have characteristics of fibroblast-like motility with elongated
spindle-like shape and obvious leading edge towards the
source of the chemotactic agent (72). On the other hand, an
amoeboid-like movement was observed in various leukocytes
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Figure 14. A model for pH regulation of breast cancer cells. ER* cells remain morphologically unchanged after short exposure to either acidic or alkaline
conditions, maintaining cellular adhesion. Loss of functional ER pushes cells towards a mesenchymal phenotype (EMT) characterized by loss of cell adhesion
proteins and decreased signaling activity. These show little response to acidic pH but undergo dramatic but reversible morphological change with short expo-
sure to alkaline pH; contractolation and formation of blebs. This transformation, which can be blocked by small GTPase associated molecules and ion channel
inhibitors, further increases motility towards chemotactic factors such as EGF. Factors released into alkaline medium can also confer increased (ion-channel
sensitive) invasive ability to cells maintained at pH 7.4. Longer term exposure to alkaline pH leads to cell death.

(73,74) and tumor cells (75-78) and is characterized by rounded
shape of the cell during its motility. Cells with amoeboid
type of movement have enhanced contractility and invasive
capacity due to their rounded shape, which would conceivably
enable them to squeeze through the small spaces in the extra-
cellular matrix (ECM) fibers and exert higher force to deform
the surrounding ECM (73-77). Furthermore, supra-stimulation
of pancreatic acinar cells with CCK, induced rapid membrane
actin cytoskeleton-rich blebs within 2-3 min, and the cells
exhibited amoeboid shape (79). The formed blebs were rapidly
absorbed when the agonist level was reduced, indicating that
blebbing is a reversible, not necessarily a terminal event, which
is in agreement with our data. Indeed, formation and retraction
of blebs is not an uncommonly reported phenomenon. In view
of these data a possible explanation of the behaviour of pll
cells is that alkaline pH induces an amoeboid-like spherical
shape (Figs. 3C and 4), enabling enhanced invasive potential,
mediated in part through elevated MMP2/9 activity (29) or
possibly other secreted factors (currently under investigation).

In conclusion, we have demonstrated that ER silenced
breast cancer cells, when shifted for brief periods from neutral
to alkaline, but not acidic conditions, markedly change their
morphological and functional properties. Cells tend to become

spherical (ameoboid-like) and segregate further from each
other and form dynamic and reversible blebs and other long
cytoplasmic protrusions which are made up of actin/myosin
filaments on the outer membrane, with molecules critical
for cell adhesion and motility in the cytoplasmic compart-
ment of the formed blebs. These are uniformly distributed
but can polarize in the direction of movement towards EGF,
which by itself cannot elicit formation of blebs though it can
induce polarization and membrane thickening through actin
aggregation. Interruption of formation, as well as disruption
of pre-formed blebs, can be achieved with drugs that interfere
with several GTPase associated effector proteins. The blebs
also appear to be dependent upon ion channel activity and
confer increased invasive capacity. The differential longer
term detrimental effects of alkaline pH are being further
investigated as a possible means of selective cell killing.
Fig. 14 shows a summary schematic representation of the
events described in this study.
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