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Short Communication

Phenylboronic acid selectively inhibits human prostate and breast cancer
cell migration and decreases viability
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We compared the in vitro effect of boric acid (BA) versus
phenylboronic acid (PBA) on the migration of prostate and breast
cancer cell lines and non-tumorigenic cells from the same tissues.
Treatment at 24 hours with BA (<500 uM) did not inhibit chemot-
axis on fibronectin in any cell line. However, treatment over the
same time course with concentrations of PBA as low as 1 uM
significantly inhibited cancer cell migration without effecting non-
tumorigenic cell lines. The compounds did not affect cell adhesion
or viability at 24 hours but did alter morphology; both decreased
cancer cell viability at eight days. These results suggest that PBA is
more potent than BA in targeting the metastatic and proliferative
properties of cancer cells.

Introduction

As cancer cells colonize other organs, they become increasingly
difficult to treat and can cause widespread organ failure.! The malig-
nant phenotype is driven by complex interactions between tumor
cells and their microenvironment. This metastatic cascade begins
when transformed cells invade the host stroma surrounding the
primary neoplasm. For this to occur, tumor cells must first convert
from a stationary to a migratory phenotype, which is often associated
with a downregulation of intercellular and extracellular adhesion.?
The subsequent migration from the primary site is mediated by both
chemoattractants as well as interactions with extracellular matrix
components, such as fibronectin.> Once the migrating cells invade
the circulatory system, they must revert to an adhesive phenotype in
order to attach to the endothelium and migrate out of circulation to
form secondary tumors. Malignant tumor cells must complete every
step of the metastatic cascade in order to successfully form secondary
tumors. Therefore, an inhibitor at any stage of this process could
delay or prevent the progression of metastasis.
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The majority of current cancer treatments control the rapid
proliferation of primary tumor cells but are not highly selective
for tumorigenic cells.>® This damage to normal tissues causes
serious side effects such as nausea, severe weight loss, fatigue and a
depressed immune system.”” Additionally, intended targets often
develop methods of evading drugs over course of the treatment.!%!!
Current cancer therapeutics could be significantly improved if new
compounds were developed targeting the actively migrating tumor
cells, while leaving normal cells unaffected.

Naturally occurring compounds are a potentially rich source for
novel anticancer agents.!>!3 A promising new class of candidates
is boron and its derivatives.'!> Boron is found primarily in fruits,
vegetables and drinking water and therefore is a common compo-
nent of most diets.!® It is estimated that the average dietary intake
of boric acid in humans is approximately 15 uM.2%3! There are
reported links between low intake of these foods and increased risk of
prostate cancer.!®32-34 Recent epidemiological, in vitro, and animal
studies reveal a possible role for boric acid (BA), the most abundant
physiological form of boron in the plasma, as a chemotherapeutic
agent.'®2! Tn a nude mouse model of prostate cancer, BA decreases
tumor size, IGF-1 serum levels and PSA levels and proteolytic
activity.2?! Barranco et al. also demonstrate that 1 mM of boric acid
significantly decreases migration and proliferation of the prostate
cancer cell line DU-145 in vitro.!7-18

These studies motivate our search for additional derivatives of BA
that may be effective at selectively inhibiting the metastatic proper-
ties of tumor cells. In addition, we are also interested in expanding
the possible targets of these compounds to other cancer types. Our
results reveal that phenylboronic acid (PBA) is a more potent and
selective inhibitor of cancer cell migration and viability than its
parent compound, boric acid. The ability of PBA to elicit a selec-
tive anti-migratory response short term, while decreasing cancer
cell viability long term, makes it a promising candidate for a novel
anti-cancer treatment.

Results

PBA is a potent inhibitor of cancer cell migration. To date,
the only published study examining the effect of BA on cancer
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cell migration was performed on uncoated polycarbonate filters.'8

To better represent the extracellular environment surrounding
migrating tumors, we used fibronectin as an adhesive substrate.
Untreated DU-145 and PC-3 highly metastatic prostate cancer cell
lines, RWPE-1 non-tumorigenic prostate epithelial, ZR-75-1 highly
metastatic breast cancer cells, and MCF-10A non-tumorigenic breast
epithelial cells exhibited significant chemotactic migration towards
10% fetal bovine serum compared to negative controls (Fig. 1). Cells
plated on nd-blotto coated filters migrating towards 10% serum or
cells plated on fibronectin coated filters migrating towards serum-
free media served as the negative controls. BA did not significantly
inhibit chemotactic migration in any of the cell lines tested when
used at concentrations as high as 500 uM (Fig. 1A-E). BA only
inhibited migration in one of these cell lines, DU-145, at a concen-
tration of 1,000 UM, which is ~100 times above average serum levels
of BA in humans.!>20

In contrast, PBA significantly inhibited chemotaxis of all three
cancer cell lines in a dose dependent manner. The cell lines also
exhibited different sensitivities to varying PBA doses. Overall, the
prostate cancer cell lines were more sensitive to PBA than the breast
cancer line. DU-145 cell migration was significantly inhibited by
concentrations starting at 1 WM PBA (Fig. 1A). Chemotaxis of PC-3
cells, which were less sensitive to PBA than DU-145 cells, was signifi-
cantly decreased at a concentration 210 UM compared to untreated
cells (Fig. 1B). ZR-75-1 cells, which were inhibited from migrating
at concentrations 2100 UM (Fig. 1D), were the least sensitive cancer
line. None of the effective doses significantly reduced migration in
the corresponding non-tumorigenic cell lines (Fig. 1C and E). The
MCEF-10A cell line was refractive to all concentrations tested. PBA
treatment inhibited migration of the RWPE-1 cell line at 50 uM,
which is at least five times higher than the effective doses for the
corresponding prostate tumor cells. Addition of BA to the effective
PBA dose had no effect.

BA and PBA do not affect cancer cell adhesion to fibronectin.
BA or PBA treatments did not affect adhesion of DU-145, PC-3,
RWPE-1, ZR-75-1 or MCF-10A cells to fibronectin. In one hour
adhesion assays, there was no significant difference in the adhesion
of any cell line on fibronectin between the untreated positive control
and samples treated with up to 1000 uM of BA or PBA (Fig. 2).
Adhesion in the positive control was significantly increased over
the nd-blotto negative control in all cell lines. The data supports
the hypothesis that the decrease in cell migration is not due to an
inability of cells to adhere to the fibronectin substrate.

PBA is more potent than BA at decreasing cancer cell viability
at eight days. The highest dose used in all migration and adhesion
assays (1,000 uM) had no impact on the viability of any cell line as
measured by the MTT assay over the course of one day (Fig. 3). After
an eight day exposure, this dose of PBA did significantly decrease
viability of all cancer lines. BA also decreased cancer cell viability
in DU-145 and ZR-75-1 cells, but this dose induced a significantly
lower response than PBA (Fig. 3A, B and D). Neither compound had
any significant effect on the viability of the corresponding normal
cell lines (Fig. 3C and E).

BA and PBA do not impact cell cycle progression. MTT
measures the reductive capacity of mitochondria, which can vary in
otherwise healthy cells. In order to assess the growth characteristics
of these cells, we measured DNA content using propidium idodide
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and flow cytometry. While the distribution of cells in G, S and
G,/M varied slightly between cell types, we observed no change in
cell cycle distribution in any cell type treated with BA or PBA that
would indicate cycle arrest (Table 1).

BA and PBA induce cell spreading on fibronectin. The fact that
BA or PBA treatment of all cell lines does not significantly decrease
adhesion to fibronectin at one hour (Fig. 2) while inhibiting migra-
tion at 24 hours (Fig. 1) led us to examine cell morphology at these
time points. Cells were stained for F-Actin (green) and nuclei (Blue),
and morphology was examined by fluorescent microscopy. We saw
no observable difference in cell morphology after 1 hour in any cell
with the highest concentration of BA or PBA tested (1,000 uM)
(data not shown). At 24 hours, the time that corresponds to the
length of the migration assays, cells treated with BA or PBA at 1 mM
showed an increase in cell spreading on fibronectin (Fig. 4). This
increased spreading was quantified and found to be statistically
significant with BA treatment in DU-145 cells and with PBA treat-
ment of all cancer cells (Fig. 5). No significant increase in cell area
was seen in the RWPE-1 or MCF-10A non-tumorigenic cell lines
with BA or PBA treatment.

Discussion

Boric acid has a number of distinctive features that make it a
promising pharmaceutical agent for cancer treatments.?” It is a mild
organic Lewis acid with structural features similar to carbon, allow-
ing it to act as a competitive inhibitor for many carbon containing
substrates.2”>28 This characteristic of BA makes it an effective inhib-
itor of enzymes such as peptidases, proteases, proteasomes, arginase,
nitric oxide synthase and transpeptidases.?? The pharmacological
properties of BA, including ease of handling, low toxicity, an almost
complete clearance via urine within 24 hours and the fact that it
is not metabolized make it an attractive cancer treatment candi-
date.28’35'39

To date, five published studies have focused on the potential of
BA to control progression of cancer at the cellular level.!7-18:20.21,40
Of these, only one study examined the ability of BA to inhibit pros-
tate cancer cell migration.!® This previous study revealed that an
eight day treatment of 1 mM BA inhibited migration of one prostate
cancer cell line, DU-145, on a polycarbonate substrate in vitro. To
further elucidate the potential impact of BA on tumor metastasis,
we expanded our study to include multiple cell lines, multiple
organ sites, healthy and tumorigenic samples and fibronectin, a
physiological substrate of migrating cells. The results are consistent
with the observation that an eight day treatment with 1 mM of BA
inhibits migration of DU-145 cells.'® After refining the experimental
procedure, it was noted that a single 24 hour exposure of BA or PBA
can effectively inhibit the migration of cancer cells. The fact that
non-tumorigenic cells are at least five-fold less sensitive to PBA at the
effective dose for cancer cells suggests it may be a promising cancer
treatment and raises the possibility that it could be used prophylacti-
cally. Despite our findings, the lack of understanding of mechanisms
governing the action of BA on cancer cells limits its potential useful-
ness as an anticancer agent. Similarly, it is not known if or how
metabolic products of PBA, phenol and catechol, contribute to its
effectiveness.

Phenylboronic acid compares favorably with the in vitro proper-
ties of other compounds (e.g. migrastatin, carboxyamido-triazole)
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, ZR-75-1 and MCF-10A cells were assayed for chemotactic migration

in the presence of indicated concentrations of Boric Acid (BA) or Phenol Boric Acid (PBA). Migration assays were performed on fibronectin coated filters with

10% FBS in the lower chambers as a chemoattractant. As a positive control, cells were plated on fibronectin coated filters in the presence of serum contain-

-1

Figure 1. PBA inhibits cancer cell chemotaxis but BA does not. DU-145, PC-3, RWPE

ing medium, without BA or PBA (Untreated). For a negative control, cells were plated on filters coated with fibronectin in the presence of serum containing

medium (Blotto), or they were plated on fibronectin coated filters in medium lacking serum (Serum Free). A single asterisk (*) signifies that serum induces a

8 for each of three replicates.

significant increase in migration compared to negative controls. A double asterisk (**) indicates a significant increase in migration compared to unireated

cells. Results expressed as mean = SEM, n
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Figure 2. BA and PBA do not affect cancer or non-tumorigenic cell adhesion to fibronectin. DU-145 and PC-3 prostate cancer, RWPE-1 non-tumorigenic
prostate, ZR-75-1 breast cancer and MCF-10A non-tumorigenic mammary cell lines were assayed for adhesion to purified fibronectin for 1 hour at 37°C.
Cells were treated with various concentrations of either BA or PBA. As a control, cells were plated on blotto or fibronectin without treatment. Adherent cells
were stained with crystal violet and then solubilized in SDS. Absorbance was determined at 595 nm. A single asterisk (*) indicates a significant increase in
adhesion of untreated cells on fibronectin compared to untreated cells on fibronectin. In all cell lines tested, no BA or PBA concentration caused a significant

decrease in adhesion compared to untreated control on fibronectin. Results expressed as mean = SEM (n = 3).
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Figure 3. PBA decreases cell viability at eight days in cancer cells. DU-145 and PC-3 prostate cancer, RWPE-1 non-tumorigenic prostate, ZR-75-1 breast
cancer and MCF-10A non-tumorigenic mammary cell lines were grown for either 24 hours or eight days in the presence of absence of 1 mM Boric Acid
(BA) or Phenylboronic Acid (PBA). The MTT reagent was added to each well for four hours and then solubilized in DMSO and absorbance was read at 570
nm. Results were normalized to untreated cell line controls and expressed as mean + SEM (n = 3). After one day, no cell line showed a significant decrease
in viability when grown in the presence of either T mM BA or PBA. Following the eight day treatment, DU-145 and ZR-75-1 cell viability was significantly
decreased by the addition of both 1 mM BA and PBA compared to untreated controls. PC-3 cell viability was not decreased by BA at eight days but was
decreased by PBA at this timepoint. PBA treatment led to significantly lower cell viability staining than BA at eight days in all cancer cell lines as well.
However, neither BA nor PBA had a significant effect on nontumorigenic prostate or breast cancer cell line viability at either one or eight days.
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Table 1 Cell cycle analysis by flow cytometry
%Cells
G, S G,/M
DU-145
Untreated Day 1 75 9 16
BA Day 1 75 11 14
PBA Day 1 74 8 17
Untreated Day 8 67 8 26
BA Day 8 66 7 27
PBA Day 8 66 5 30
PC-3
Untreated Day 1 65 11 24
BA Day 1 63 12 25
PBA Day 1 71 8 21
Untreated Day 8 52 22 26
BA Day 8 54 22 24
PBA Day 8 53 22 25
RWPE-1
Untreated Day 1 66 12 21
BA Day 1 67 13 20
PBA Day 1 69 1 20
Untreated Day 8 60 19 22
BA Day 8 66 11 23
PBA Day 8 61 11 28
ZR-75-1
Untreated Day 1 64 13 23
BA Day 1 67 9 24
PBA Day 1 70 8 22
Untreated Day 8 63 8 29
BA Day 8 61 7 32
PBA Day 8 61 11 28
MCF-10A
Untreated Day 1 74 8 18
BA Day 1 70 10 20
PBA Day 1 75 7 19
Untreated Day 8 63 4 34
BA Day 8 66 8 26
PBA Day 8 63 5 32

shown to selectively inhibit breast and prostate cancer migration in
vivo and tumor metastasis in mice.4! For example, it was discovered
that carboxyamido-triazole (CAl) is a selective inhibitor of breast and
prostate cancer migration in vitro, and this compound has progressed
to phase IIT clinical trials in cancer patients.?>*? The properties
that phenylboronic acid shares with these other anti-cancer drugs
suggest it may be more effective than boric acid for cancer treat-

ment. 12,13,43,44

Materials and Methods

Materials. All cell culture reagents were purchased from Invitro-
gen, Inc. (Carlsbad, CA) including RPMI-1640 medium, Dulbecco’s
modified Eagle Medium (DMEM)/Ham’s F12, medium, Fetal
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Bovine Serum (FBS), horse serum, Keratinocyte Serum Free Media
(cat. #10724) with Defined Keratinocyte growth supplement (cat.
#10784), Phosphate Buffered Saline (PBS), penicillin, streptomycin
and trypsin-EDTA. HEPES buffer, cholera toxin, hydrocortisone,
epidermal growth factor, BA (cat. #B7660-500G), and PBA (cat.
# P20009-10G) were purchased from Sigma-Aldrich Corporation
(St. Louis, MO). Purified human plasma fibronectin was purchased
from Chemicon International (Temecula, CA). Unless otherwise
specified, other standard reagents were obtained from Fisher Scientific
(Fair Lawn, NJ).

Tissue culture. All cultures were maintained at 37°C in a humidi-
fied atmosphere of 5% CO,. The cells were harvested during the
exponential growth phase using phosphate buffered saline (PBS)
and 0.25% trypsin-EDTA (Invitrogen Corporation, Carlsbad, CA).
DU-145 cells are a highly metastatic, androgen-independent, human
prostate carcinoma obtained from American Type Culture Collection
(ATCC) (Manassas, VA), number HTB-81. PC-3 cells are a highly
metastatic, androgen-independent, human prostate adenocarcinoma
obtained from ATCC, number CRL-1435. RWPE-1 cells are non-
tumorigenic human prostate epithelial, ATCC number CRL-11609.
ZR-75-1 cells are a highly metastatic, estrogen-independent, human
breast ductal carcinoma obtained from ATCC, number CRL-1500.
MCEF-10A cells are a non-tumorigenic breast epithelial cell line
obtained from ATCC, number CRL-10317. DU-145, PC-3 and
ZR-75-1 cells were grown in RPMI-1640 Medium supplemented
with 10% FBS, 15 mM HEPES buffer (pH 7.4), 50,000 units
Penicillin and 50 mg Streptomycin. RWPE-1 cells were grown
according to manufacturer’s instructions in Keratinocyte Serum
Free Media (K-SFM), Kit Catalog Number 17005-042 (Invitrogen
Corporation, Carlsbad, CA). MCE-10A cells were grown in DMEM/
Ham’s F12 medium supplemented with 5% horse serum, 100 units/
mL penicillin-streptomycin (Invitrogen), 1 mg/ml hydrocortisone,
10 pg/ml insulin, 100 ng/ml cholera toxin and 20 ng/ml epidermal
growth factor (Sigma Aldrich).

Migration assay. Cell migration assays were performed according
to Rust et al.?? with modifications described by Klees et al.??
Corning Costar 8 um MIC transwell plates (Corning, Corning
NY) were used for the assay. Well filters were coated with purified
fibronectin at a concentration of 20 pg/mL in PBS or nd-blotto
(5% nondairy creamer in PBS + 0.2% Tween 20) in PBST for one
hour at 37°C prior to assay and then rinsed with PBS before use.
Cells were harvested and resuspended in migration media (DMEM +
1% sodium pyruvate + 1X GPS) at a density of 5 x 10° cells per well.
One lane of cells was left untreated while the rest were treated with
BA or PBA in varying concentrations. Cells were allowed to migrate
toward serum free or medium containing 10% FBS in basal wells
for 24 hours at 37°C. At this time, 5 UM calcein AM from Alexis
Biochemicals (San Diego, CA) was added to the migration wells and
incubated for 30 minutes at 37°C. To quantitate migration, cells
were removed from the top of the migration filter with cotton-tipped
applicators and fluorescence of the incorporated calcein AM was
read from the bottom of the filter with a TECAN SPECTRAFluor
spectrometer at 484Ex/535Em.

Adhesion assay. Cell adhesion assays were performed as previously
described by Plopper et al.24 Sarstedt 96-well suspension cell culture
plates were coated with purified fibronectin at a concentration of
20 pug/mL for 1 hour at room temperature. Wells were washed twice
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Untreated

DU-145

PC-3

RWPE-1

ZR-75-1

MCF-10A

with PBS and incubated with nd-blotto for
30 minutes prior to the assay. Cells were
allowed to attach for 30 minutes at 37°C
in the presence of various concentrations of
BA or PBA or left untreated as a control.
To remove unbound cells following treat-
ment, wells were filled with PBS and then
plates were inverted in a tank of PBS and

1 mM PBA

allowed to gently shake for 15 minutes.
Adhered cells were subsequently fixed with
3% paraformaldehyde, washed twice in
PBS and incubated in 0.5% crystal violet
dye in 20% methanol/80% H,O for 15
minutes. Wells were washed thoroughly
with dH,O and the violet dye was extracted
with 1% SDS solution. Absorbance was
measured using a TECAN SPECTAFluor
spectrophotometer at 595 nm and relative
adhesion was compared to untreated cells
attached to fibronectin or to nd-blotto.
MTT viability assay. Cancerous and
non-tumorigenic cell viability was exam-
ined by the colorimetric methyl thiazolyl
tetrazolium (MTT) assay in the presence
of BA or PBA.%> DU-145, PC-3, RWPE-1,
ZR-75-1 and MCF-10A cells were grown
in the absence or presence of ImM BA
or PBA for 1 or 8 days. Cells were seeded
into 96-well microtiter plates coated with
20 ug/mL fibronectin in their respective
growth media. Cells were left untreated as

a control or grown in 1 mM BA or PBA.

Figure 4. PBA induces spreading of cancer cells on fibronectin. Actin (green) and nuclei (blue) staining
of fixed DU-145, PC-3 prostate cancer, RWPE-1 normal prostate, ZR-75-1 breast cancer, and MCF-10A
non-tumorigenic breast cells grown on fibronectin for 24 h. Cells were imaged with a 40X objective.
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Figure 5. Increased cell spreading induced by BA and PBA is statistically
significant. Cell area from images in Figure 4 was quantified using Image)
software. All images were taken at a 40x objective. Values represent mean
+ standard deviation (n = 10).
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After 24 hours or 8 days, MTT solution
(5 mg MTT/ml PBS) was added to each
well, and each plate was incubated for
four hours at 37°C/5% CO,, allowing
viable cells to metabolize the yellow MTT
and form the insoluble purple formazan
product. The medium was aspirated, and
the formazan was dissolved in 200 pl of DMSO. The absorbance
was then read at 570 nm using a SPECTAFluor spectrophotometer
reader.

Propidium iodide cell cycle analysis. Cells were collected, centri-
fuged at 2,000 rpm (800 x g) for 5 min, and rinsed with PBS. Cells
were fixed with 1 ml ice-cold 70% ethanol for 30 min and then
centrifuged at 2,000 rpm (800 x g) for 10 min and washed twice
in ice-cold PBS. The cell pellets were resuspended in 0.5 ml PBS
containing 50 pg/ml propidium iodide (Sigma-Aldrich Chemical
Co., St. Louis, MO) and 100 pg/ml RNase (Invitrogen, Carlsbad,
CA), incubated at 37°C for 30 min and analyzed by fluorescence-
activated cells sorting (FACS) using a BD Sciences LSRII flow
cytometer (Becton Dickinson, San Jose, CA).

Morphological imaging and analysis. Cells were plated on glass
slides coated with 20 pg/mL fibronectin and grown for 24 hours.
Cells were then fixed with 3% formaldehyde for one hour and
incubated in PBS solution with 0.25% Tween and 1% BSA to block
non-specific binding. F-Actin was stained with a 1:500 dilution of
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Texas Red Phalloidin 488 (Molecular Probes, Inc., Eugene, OR) in
PBS solution containing 0.25% Tween20 and 1% BSA for one hour.
The nuclear dye 4',6-diamidino-2-phenylindole (DAPI) (Molecular
Probes) was used to visualize the nucleus. Cells were washed
in PBS containing 0.25% Triton X-100, rinsed with water and
mounted on microscope slides using Prolong Gold Antifade Reagent
(Invitrogen). Samples were imaged with a 40x objective using a
Nikon Eclipse TE2000S inverted fluorescence microscope equipped
with a SPOT camera and SPOT Advanced software (Diagnostics
Instruments, Sterling Heights, MI). Cell area was calculated using
the National Institutes of Health Image] image processing program.
The area was calculated as an average of ten cells with clearly defined
perimeters and values are presented as square pixels.

Statistical analysis. All experiments were repeated a minimum
of three times. The representative data is presented as mean + SEM.
Statistical analyses were performed using Student’s unpaired t-test,
and a p value of less than 0.05, was considered significant.
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