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Hypoxia is a feature of the microenvironment of many cancers and can trigger epithelial-
mesenchymal transition (EMT), a process by which cells acquire a more invasive pheno-
type with enriched survival. A remodeling of adenosine 5'-triphosphate (ATP)-induced
Ca?" signaling via purinergic receptors is associated with epidermal growth factor (EGF)-
induced EMT in MDA-MB-468 breast cancer cells. Here, we assessed ATP-mediated Ca’*
signaling in a model of hypoxia-induced EMT in MDA-MB-468 cells. Like EGF, hypoxia treat-
ment (1% O,) was also associated with a significant reduction in the sensitivity of MDA-MB-
468 cells to ATP (ECso of 0.5 uM for normoxic cells versus ECso of 5.8 uM for hypoxic cells).
Assessment of mRNA levels of a panel of P2X and P2Y purinergic receptors following hyp-
oxia revealed a change in levels of a suite of purinergic receptors. P2X4, P2X5, P2X7, P2Y1
and P2Y11 mRNAs decreased with hypoxia, whereas P2Y6 mRNA increased. Up-
regulation of P2Y6 was a common feature of both growth factor- and hypoxia-induced
models of EMT. P2Y6 levels were also significantly increased in basal-like breast tumors
compared to other subtypes and breast cancer patients with higher P2Y6 levels showed
reduced overall survival rates. P2Y6 siRNA-mediated silencing and the P2Y6 pharmacolog-
ical inhibitor MRS2578 reduced hypoxia-induced vimentin protein expression in MDA-MB-
468 cells. P2Y6 inhibition also reduced the migration of mesenchymal-like MDA-MB-231
breast cancer cells. The up-regulation of P2Y6 appears to be a common feature of the

Abbreviations: ATP, adenosine 5'-triphosphate; [Ca®"]cyr, cytosolic free Ca®"; EMT, epithelial-mesenchymal transition; EGF, epidermal
growth factor; FBS, fetal bovine serum; HMEC, human mammary epithelial cells; FLIPR, Fluorometric Imaging Plate Reader; IP3, 1,4,5
inositol trisphosphate; ROI, region-of-interest.
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mesenchymal phenotype of breast cancer cells and inhibition of this receptor may repre-

sent a novel therapeutic target in breast cancer metastasis.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Epithelial-mesenchymal transition (EMT) in cancer cells is a
complex series of molecular and cellular events by which
epithelial cells reduce their epithelial-specific characteristics
and acquire a mesenchymal phenotype (Polyak and
Weinberg, 2009). In this process, cells lose their polarity and
cell—cell adhesion, and convert to fibroblastoid cells with
invasive and migratory abilities (Grunert et al., 2003; Polyak
and Weinberg, 2009). Down-regulation of epithelial markers
such as E-cadherin and up-regulation of mesenchymal
markers such as N-cadherin and vimentin are common fea-
tures of EMT (Jiang et al., 2011; Thiery, 2002).

EMT can be triggered by several stimuli including growth
factor signaling and stromal cell—epithelial cell interactions
in the tumor microenvironment (Polyak and Weinberg, 2009;
Thiery and Sleeman, 2006). Hypoxia is a feature of the tumor
microenvironment where there is a reduction in normal oxy-
gen levels. Hypoxic microenvironments may promote adap-
tive survival programs, which are often associated with
resistance to apoptosis, angiogenesis and migration (Ruan
et al., 2009). Recent studies show that hypoxia induces EMT
in a variety of cancer cell types (Cannito et al., 2008; Cooke
et al.,, 2012; Misra et al., 2012; Sahlgren et al., 2008; Salnikov
et al., 2012; Shaikh et al., 2012; Zhang et al., 2013), including
the MDA-MB-468 cell line used in our study (Cursons et al,,
2015; Jo et al., 2009; Lundgren et al., 2009).

Calcium is a highly versatile intracellular messenger,
which can play a crucial role in many of the cancer hallmarks
including proliferation (Akl and Bultynck, 2013; Roderick and
Cook, 2008), angiogenesis (Chen et al., 2011; Munaron and
Fiorio, 2009) and metastasis (Prevarskaya et al., 2011). We
have recently characterized a role for Ca*" signaling in the in-
duction of EMT (Davis et al., 2013) and reported changes in Ca**
influx and adenosine 5'-triphosphate (ATP)-mediated Ca*"
signaling as a consequence of EMT induced by epidermal
growth factor (EGF) (Davis et al., 2012). The tumor microenvi-
ronmentisrich in ATP, and therefore increases in intracellular
free Ca?" levels via activation of plasmalemmal purinergic re-
ceptors are likely (Maehara et al., 1987; Pellegatti et al., 2008).
Increases in intracellular Ca?" can be achieved directly
through the influx of Ca®" via ligand-gated ionotropic P2X re-
ceptors or indirectly through activation of G-proteins and the
generation of 1,4,5 inositol trisphosphate (IP3) by metabotropic
P2Y receptors (Burnstock and Di, 2013).

EGF-induced EMT in MDA-MB-468 breast cancer cells is
associated with alterations in ATP-mediated Ca?*t increases,
with a significant increase in the ECso of ATP as a consequence
of EMT induction (0.175 pM—1.731 uM) (Davis et al., 2011).
Assessment of the expression of P2X and P2Y receptors after
EGF-induced EMT revealed a remodeling of purinergic receptor

isoform mRNA, with increases in P2X5 and P2Y6 levels and a
down-regulation of P2Y13 (Davis et al., 2011). Here, we sought
to investigate changes in ATP-mediated Ca®" signaling and
purinergic receptor expression in a hypoxia-induced model
of EMT to determine whether alterations in ATP-mediated
Ca®" signaling are a common feature of EMT in MDA-MB-468
breast cancer cells, irrespective of the inducing stimuli.

2. Materials and methods
2.1. Cell culture and hypoxia induction

MDA-MB-468 and MDA-MB-231 human breast cancer cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
D6546 Sigma Aldrich, St Louis, MO, USA) supplemented with
100 U/mL Penicillin G and 100 pg/mL streptomycin sulfate
(Sigma Aldrich), 10% fetal bovine serum (FBS) and 4 mM t-gluta-
mine at 37 °C with 5% CO,. To induce EMT, MDA-MB-468 cells
were serum starved (0.5% FBS) for 24 h and maintained in a hu-
midified incubator (37 °C, 5% CO,) with 21% O, (normoxia) or 1%
O, in a Sanyo MCO-18M multi-gas incubator (hypoxia). Cells
were maintained in hypoxia for 24 h (gene expression) or 48 h
(protein and calcium assays). These time points were chosen
because changes in mRNA levels are expected to precede
changes in protein levels and functional responses. MDA-MB-
231 cell lines were obtained directly from American Type Cul-
ture Collection. MDA-MB-468 cells were obtained as previously
described (Davis et al., 2011). MDA-MB-231 and MDA-MB-468
cells were cultured for less than 10 passages (5—6 weeks) in
this study. Cell lines were regularly screened every 6 months
for mycoplasma contamination (MycoAlert, Lonza Basel,
Switzerland) and also monitored for morphological character-
istics. STR profiling was performed by Queensland Institute of
Medical Research using the StemElite ID Profiling Kit (Promega
Madison, WI, USA).

2.2. Immunoblotting

Samples were resolved on NuPAGE Novex 4—12% BisTris gels
(Invitrogen, Carlsbad, CA, USA) with MOPS running buffer un-
der reducing conditions and transferred to polyvinylidene
difluoride membranes as described previously (Davis et al.,
2011). Proteins were detected using 1:750 dilution of mouse
anti-vimentin V9 monoclonal antibody (V6389, Sigma Aldrich)
and 1:100 dilution of hECD1 mouse anti-E-cadherin (a kind gift
from Professor Alpha Yap, The University of Queensland,
Australia). A 1:10,000 dilution of goat anti-mouse horseradish
peroxidase-conjugated (170-6516, Bio-Rad, Hercules, CA, USA)
was used as the secondary antibody. For detection of P2Y6
protein, 1:20,000 dilution of rabbit-anti P2Y6 monoclonal
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antibody (LS-C105670, LifeSpan BioSciences, Inc., Seattle, WA,
USA) and a 1:10,000 dilution of goat anti-rabbit horseradish
peroxidase-conjugated secondary (170—6515, Bio-Rad) were
used. Antibodies were prepared in phosphate buffered saline
(PBS) solution containing 5% (w/v) skim milk powder and
0.1% Tween-20. Chemiluminescence blots were analyzed us-
ing a VersaDoc Imaging System (BioRad) and the density of
each band was quantified by Quantity One (version 4.6.7,
Bio-Rad) and normalized to its relative p-actin band.

2.3.  Measurement of intracellular free Ca?*

Increases in cytosolic free Ca®* ([Ca**]cyr) after purinergic re-
ceptor activation was assessed in normoxic and hypoxic
MDA-MB-468 cells with a Fluorometric Imaging Plate Reader
(FLIPR™®™®4) Molecular Devices, Sunnyvale, CA, USA) using
the BD PBX no-wash Ca®" Assay Kit (BD Biosciences, Franklin
Lakes, NJ, USA) as previously described (Grice et al., 2010). Cells
were seeded at 3 x 10* cells per well in 96-well black plates
(Corning Costar, Cambridge, MA, USA) and 24 h post seeding,
cells were serum-deprived (0.5% FBS) for 24 h and were either
left in normoxia or placed under hypoxic conditions for 24 h.
Cells were loaded for 60 min at 37 °C with 2 uM PBX Calcium In-
dicator dye in a solution containing 5% (v/v) PBX Signal
Enhancer and 500 uM probenecid in physiological salt solution
(PSS, 5.9 mM KCl, 1.4 mM MgCl,, 10 mM HEPES, 1.2 mM
NaH,PO4, 5 mM NaHCOs;, 140 mM NacCl, 11.5 mM glucose,
1.8 mM CaCly,). Cells were equilibrated to room temperature
for 15 min and dye loading solution was then replaced with a
solution containing 5% (v/v) PBX Signal Enhancer and 500 uM
probenecid in PSS. Fluo-4 fluorescence intensity was assessed
using 470—495 nm excitation and 515—575 nm emission filters.
ScreenWorks Software (v2.0.0.27, Molecular Devices) was used
for data analysis. Response over baseline was assessed as a
relative measure of [Ca®"]cyr.

2.4. siRNA silencing and P2Y6 pharmacological
inhibition

Dharmacon ON-TARGETplus SMARTpool siRNA (Thermo Sci-
entific, Waltham, MA, USA) was used for the knockdown of
P2Y6 (L-004579-00-0005) and HIFla (L-004018-00-0005) genes
(100 nM). DharmaFECT4 Transfection Reagent (0.1 ul per
well) was used for siRNA transfection. MDA-MB-468 cells
were seeded at 6 x 10* (48 h hypoxia) or 1 x 10° (24 h hypoxia)
cells per well in a 96-well plate. Cells were transfected with
siRNA 24 h after seeding. Cells were serum starved (0.5%
FBS) 48 h after siRNA transfection for 24 h. Cells were then
exposed to hypoxic conditions (1% O,) for 24 h or 48 h.

For pharmacological inhibition studies, cells were seeded
at2 x 10° cells per well (96-well plate) and then the P2Y6 inhib-
itor MRS2578 added 24 h after plating in serum reduced-media
(0.5% FBS) for 24 h. Cells were then placed under hypoxic con-
ditions (1% O,) for 24 h.

2.5. Real time RT-PCR
These studies focused on purinergic receptor mRNA levels af-

ter hypoxia, as has been done for EGF in this model (Davis
et al., 2011), due to the lack of sufficiently selective antibodies

for all purinergic receptor isoforms (Coakley et al.,, 2008;
Griffiths and Lucocq, 2014; Yu and Hill, 2013). Total RNA
from MDA-MB-468 cells was isolated and purified using
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). The purified
RNA was reverse transcribed using Omniscript RT Kit (Qiagen)
and the target cDNA was amplified using TagMan® Fast Uni-
versal PCR Master Mix (Applied Biosystems, Carlsbad, CA,
USA) and TagMan® gene expression assays. A StepOnePlus™
instrument (Applied Biosystems) was used to cycle and quan-
titative targets. The comparative Ct (AACt) method was used
to determine the relative target quantity by normalizing to
18S ribosomal RNA. The TagMan® gene expression assay
used for P2Y6 receptor was Hs00602548_m1 and the assays
IDs for the panel of P2X and P2Y receptors used in the Custom
TagMan Array are included in Supplementary Table S1.

Gene expression assays used to assess EMT markers
included: vimentin (Hs00185584_m1), Twist (Hs00361186_m1),
Snail (Hs00195591_m1), N-cadherin (Hs00983062_m1), CD24
(Hs02379687_s1), CD44 (Hs01075861_m1), and Zebl (Hs00
232783_m1).

2.6. Cell migration assay

The effect of the P2Y6 inhibitor on cell migration of MDA-MB-
231 cells was assessed using the Oris™ Cell Migration Assem-
bly Kit (CMAUFL4, Platypus Technologies). The Oris™ Cell
Seeding stoppers were placed in the center of each well to
create a 2 mm diameter detection zone, and cells were seeded
at 1.5 x 10* cells per well in Oris™-compatible 96-well black
plates. The stoppers were removed 48 h post seeding, and
the cells were then washed once with media. Fresh media
containing MRS2578 or DMSO (matched solvent control) was
then added to cells. The microplate was then placed in an
incubator for 24 h to allow cells to migrate into the detection
zone. Cells were loaded for 60 min at 37 °C with 0.5 uM calcein
AM (Life Technologies) in a solution containing 0.5 mM pro-
benecid and 5% (v/v) PBX signal enhancer (BD Biosciences) in
growth media. Cell migration was assessed using an ImageX-
press Micro (Molecular Devices) automated epifluorescent mi-
croscope with 472/30 excitation and 520/35 emission filters.
Cell migration was quantified using an algorithm that posi-
tioned a 2 mm (equivalent diameter to stopper) region-of-
interest (ROI) at the center of the detection zone and calcu-
lated the area of cells inside the ROI. Migrated area measure-
ments for the control and treatment replicates where
normalized to the average of control (DMSO) measurements.

2.7. Gene expression microarray

Gene expression profiles of human breast tumors with
matched exome sequencing data (n = 466) were obtained
from the TCGA study (Koboldt et al., 2012). These included
81 basal-like, 53 HER2, 210 Luminal A, 114 Luminal B, and 8
Normal-like tumors. Samples assigned to the Normal-like
subtype were excluded, as they are believed to be substan-
tially contaminated by normal tissue (Giricz et al., 2013).
P2Y6 expression was evaluated in all samples and the median
levels of the expression of this gene were compared between
tumors of each subtype using the Kruskal-Wallis test with
Dunn’s post-test.
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Gene expression profile of P2Y6 was also assessed in the
publically available E-MTAB-181 microarray dataset of 49
breast cancer cell lines and 5 nonmalignant immortalized hu-
man mammary epithelial cells (HMEC) (Heiser et al., 2012).
These cell lines represent three subgroups of Luminal (pre-
dominantly luminal; equivalent to Luminal and HER2 breast
cancer subtypes), Basal A (mixed basal/luminal; equivalent
to Basal breast cancer subtype), and Basal B (equivalent to
Mesenchymal subgroup with enhanced invasive features;
equivalent to Claudin Low breast cancer subtype) (Neve
et al., 2006; Prat et al., 2010).

2.8.  Survival analysis

To assess the association between P2Y6 expression level and
patient overall survival, a Kaplan—Meier plot was generated
using the publically available Kaplan—Meier Plotter at http://
www.kmplot.com (Gyorffy et al., 2010) using the probe
208373_s_at. Overall survival was assessed for 1115 patients
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using a median cutpoint derived from all of the breast tumors
in the KMPlot dataset. Statistical significance of the survival
curve was calculated using the log-rank analysis.

2.9. Statistical analysis

Statistical tests used have been described in each figure
legend. Data analysis was performed using GraphPad Prism
version 5.04 for Windows (GraphPad Software, Inc., La Jolla,
CA, USA).

3. Results

3.1.  Hypoxia alters the nature of the cytosolic calcium
response to ATP

The induction of EMT by hypoxia was confirmed by quanti-
fying mRNA and protein levels of key EMT markers, and by

4 Snail 2.5+ Zeb1 4+ CD44/CD24
*
3] ok 2.0 3 o
1.5
2 24
1.0
14 1
0.5
04 0.0 0
% . a R
dpb de’b 6\0“'\0 O+\ (oo.'_\'b Qo_‘_\
& W e ) N )
C E-cadherin
o 1.04
.‘ﬁ
E-cadherin| i W= | 2o
o % 054
£E
B-actin| see—— 2
S N4 0.0-
i+ " @
o 2 R
& ~\Q & 5F
N
O &

Figure 1 — Induction of EMT by hypoxia in MDA-MB-468 cells. (A) Hypoxia (24 h) induces significant increases in mRNA levels of EMT-
associated genes vimentin, N-cadherin, Twist, Snail, Zeb1, and CD44/CD24 ratio; **p < 0.0001, **p < 0.001, *p < 0.01 compared with

normoxia (unpaired t-test). Data are mean (+SD) from three independent experiments. (B) Representative immunoblot (left) and densitometry

data of mean (+ SD) from three independent experiments (right) shows significant up-regulation of vimentin protein with hypoxia (48 h);

**p < 0.001 compared with normoxia (unpaired t-test). (C) Representative immunoblot (left) and densitometry data of mean (+SD) from three

independent experiments (right) shows significant down-regulation of E-cadherin protein with hypoxia (48 h); **p < 0.001 compared with

normoxia (unpaired t-test). (D) Cells acquire spindle-shaped mesenchymal morphology after 48 h hypoxia. Scale bar: 50 pm.
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assessment of morphological changes of the cells. The
mRNA levels of vimentin, N-cadherin, Twist, Snail, Zebl,
and the CD44/CD24 mRNA ratio (a marker of stem cell-like
phenotype associated with EMT (Balko et al., 2013)), were
all significantly increased in hypoxic cells (1% O, 24 h)
compared to normoxic cells (Figure 1A). Incubation of cells
in hypoxia for 48 h significantly elevated protein levels of
vimentin (Figure 1B) and attenuated protein expression of
the epithelial marker, E-cadherin (Figure 1C). After 48 h of
hypoxia, MDA-MB-468 cells acquired a spindle-shaped
morphology characteristic of a more mesenchymal pheno-
type (Figure 1D).

Incubation of cells in hypoxic conditions for 48 h altered
intracellular Ca®* responses to 1 mM ATP (Figure 2A), with
a reduction in the maximum [Ca®*]cyr response and a faster
recovery of [Ca’'|cyr to resting levels. MDA-MB-468 cells
were also less sensitive to ATP after hypoxia, with a right-
ward shift in the concentration response curve (ECsp of
0.5 uM for normoxic cells versus ECso of 5.8 uM for hypoxic
cells) (Figure 2B). To quantify differences in the recovery

A

1 mM ATP

|

phase of the cytosolic calcium transient we calculated
percent recovery at the end of the assay. These results
confirm that MDA-MB-468 cells maintained under hypoxia
have a faster return to baseline calcium levels compared to
cells maintained in normoxia (Figure 2C). The observed
changes in [Ca®"]|cyr with hypoxia in response to ATP could
be due in part to alterations in the expression of purinergic
receptors with hypoxia.

3.2. Hypoxia modifies the transcriptional profile of
purinergic receptors in MDA-MB-468 cells

We assessed mRNA levels of a panel of seven ionotropic P2X
and eight metabotropic P2Y subtypes in normoxic and hyp-
oxic MDA-MB-468 cells (Figure 3A). For both treatments,
mRNA levels for P2X1, P2X2, P2X3, P2X6, P2Y12, P2Y13 and
P2Y14 were not detected with real time RT-PCR. P2Y2 and
P2Y4 mRNA levels were not altered by hypoxia. Hypoxia
was associated with a decrease in P2X4, P2X5, P2X7, P2Y1
and P2Y11 mRNAs levels (Figure 3A), whereas levels of P2Y6
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Figure 2 — ATP-mediated Ca’* signaling in MDA-MB-468 cells following hypoxia. (A) Average [Ca®>*]cyr transients for hypoxic and normoxic
cells stimulated with 1 mM ATP. (B) Assessment of [Ca®>"]cyr in MDA-MB-468 cells incubated in hypoxic conditions for 24 h following
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mRNA increased with hypoxia (~3-fold, Figure 3A and B). We
also confirmed the up-regulation of P2Y6 expression by hyp-
oxia at the protein levels by immunoblotting (Figure 3C). Our
previous studies on the expression of P2 receptors in EGF-
induced EMT showed a 2.1-fold increase in P2Y6 mRNA
expression in EGF-treated samples (Davis et al., 2011). P2Y6
was the only P2 receptor that was up-regulated in both
EGF- and hypoxia-induced EMT in MDA-MB-468 cells
(Figure 3D). Up-regulation of P2Y6 mRNA was partially
dependant on HIFla as siRNA silencing of HIFla (Figure 3E
left) reduced hypoxia-induced P2Y6 mRNA up-regulation
(Figure 3E right).

To determine if P2Y6 may be involved in some aspects of
EMT induction the effects of P2Y6 siRNA-mediated silencing
and the P2Y6 selective inhibitor MRS2578 on hypoxia-
induced EMT were assessed.

3.3. P2Y6 silencing and pharmacological inhibition
attenuates hypoxia-induced vimentin expression

siRNA-mediated silencing of P2Y6 (Figure 4A), significantly
reduced protein expression of the EMT marker vimentin at
48 h (Figure 4B). However, silencing of P2Y6 had no significant
effect on hypoxia-mediated changes in the mRNA levels of
vimentin, N-cadherin, Snail and Twist, or the CD44/CD24 ratio
(Figure 4C). The effects of the P2Y6 pharmacological inhibitor
MRS2578 (Chadet et al.,, 2014; Mamedova et al., 2004) on
hypoxia-mediated EMT induction was also assessed. Pre-
incubation of MDA-MB-468 cells with MRS2578 significantly
attenuated hypoxia-induced vimentin protein expression at
3 and 10 pM in a concentration dependant manner
(Figure 5A). Hypoxia-mediated increases in vimentin mRNA
levels were also attenuated by MRA2578 but only at 10 pM
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(Figure 5B). As with siRNA-mediated silencing of P2Y6, there
was no change in the mRNA levels of N-cadherin, Snail and
Twist, or the CD44/CD24 ratio. Given the association between
the mesenchymal phenotype and cancer cell migration

A
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(rM)

Vimentin

(Sahlgren et al., 2008), the effects of MRS2578 on the cellular
migration of mesenchymal-like MDA-MB-231 breast cancer
cells was determined to evaluate the possible role of P2Y6 in
the migration of mesenchymal breast cancer cells.
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3.4. Pharmacological inhibition of P2Y6 reduces cellular
migration of the mesenchymal-like MDA-MB-231 cell line

The effect of P2Y6 pharmacological inhibition on cellular
migration of MDA-MB-231 (a mesenchymal-like breast cancer
cell line (Heiser et al., 2012)) was assessed using an Oris™ Cell
Migration Assay. Pharmacological inhibition of P2Y6 with
MRS2578 (1 uM and 10 pM) significantly reduced cell migration
of MDA-MB-231 cells (Figure 6).

3.5. Assessment of P2Y6 in breast cancer cell lines and
tumor molecular subtypes, and its association with overall
survival

The Basal breast cancer molecular subtype is often associated
with high levels of EMT markers, an aggressive phenotype and
poor clinical outcomes (Sarrio et al., 2008). In order to deter-
mine the potential clinical significance of P2Y6 in breast can-
cer, we investigated the gene expression profile of P2Y6 in
human breast cancer cell lines as well as human breast tu-
mors. Despite its up-regulation in both EGF- and hypoxia-
induced EMT, P2Y6 mRNA levels were not significantly higher
in Basal B/mesenchymal cell lines compared to other cell line
subgroups (Figure 7A). However, analysis of P2Y6 in gene
expression data from breast tumors representing four tran-
scriptional subtypes showed elevated P2Y6 levels in Basal
breast cancer subtypes compared to Luminal A and Luminal
B subtypes (Figure 7B). To evaluate the association between
the level of P2Y6 and breast cancer prognosis, overall survival
analysis of 1115 patients using the Kaplan—Meier Plotter was
assessed. Breast cancer patients with high P2Y6 levels showed
significantly reduced overall survival rates compared to pa-
tients with low levels of P2Y6 (Figure 7Ci). This reduction in
overall survival does not appear to be solely due to the

correlation between P2Y6 and the Basal subtype (which is
associated with poor prognosis) since P2Y6 levels were also
clearly associated with poorer prognosis in Luminal A breast
cancers (Figure 7Cii). This association was not observed in
other subtypes (data not shown).

4. Discussion

Extracellular nucleotides are largely secreted in response to
pathologic conditions such as ischemia, hypoxia, or acute
inflammation (Lazarowski et al., 2003). The tumor microenvi-
ronment is therefore rich in ATP, where ATP acts as a
signaling molecule and a pro-inflammatory mediator (Di
Virgilio, 2012). Increased concentrations of extracellular ATP
have been reported in the tumor interstitium compared to
healthy tissues, with levels of ATP reaching more than
700 uM (Munaron and Fiorio, 2009). Here we show that hypoxia
changes the [Ca®"]cyr response of MDA-MB-468 breast cancer
cells to ATP. Hypoxia resulted in MDA-MB-468 breast cancer
cells becoming less sensitive to ATP (reflected in a rightward
shift in the concentration response curve and a significant in-
crease in the ECsp). Hypoxia also produced a significant atten-
uation in the maximum [Ca®*]cyr response elicited by ATP.
The nature of the ATP-mediated response was also remodeled
through a faster return to basal [Ca“]cy—r levels. This remodel-
ing is identical to that associated with EGF-induced EMT in
MDA-MB-468 breast cancer cells (Davis et al., 2011). Hence,
attenuation of responses to ATP-mediated Ca®>" signaling
may be a universal consequence of EMT in breast cancer cells.
Reduction in the sensitivity of breast cancer cells to ATP-
mediated Ca®* signaling may reflect an ability of breast cancer
cells to acquire more migratory characteristics and escape the
primary tumor, without risking excessive responses to the
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Figure 6 — Effect of P2Y6 pharmacological inhibition on the migration of MDA-MB-231 cells. (A) Representative fluorescence images of (i)

reference (where stoppers were removed immediately prior to imaging to show the original detection zone); and migration after 24 h with media
containing (ii) DMSO (control) or (iii and iv) the P2Y6 inhibitor MRS2578 (1 pM and 10 pM). (B). Cell migration was quantified as the

percentage of migrated cell area normalized to the DMSO controls. Data are mean (+SD) from three independent experiments performed in

duplicate wells, *p < 0.05 (Benferroni one-way ANOVA).
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Figure 7 — Expression of P2Y6 in breast cancer cell lines and tumor samples, and its association with patient survival. (A) Gene expression

profiling of 49 breast cancer cell lines and 5 nonmalignant immortalized human mammary epithelial cells comprising three subgroups of Luminal,
Basal A and Basal B/Mesenchymal. (B) Gene expression profile of 458 breast tumors revealed elevation of P2Y6 in Basal tumor subtypes.

**p < 001, Kruskal—Wallis test. (C) The Kaplan—Meier plot suggests that breast cancer patients with elevated levels of P2Y6 (n = 651) show
reduced overall survival rate compared to the remaining patients (n = 464), P = 0.019 (Ci). Luminal A breast cancers were the only subtype where

high levels of P2Y6 were associated with reduced overall, P = 0.03 (Cii).

elevated ATP levels in the tumor microenvironment. Further
studies are required to determine if a reduction in the sensi-
tivity to ATP-mediated Ca®" signaling is also present in EMT
in other cancers, such as those of the prostate in response to
hypoxia (Jiang et al., 2007) and ovary in response to TGF-B
(Kitagawa et al., 1996).

Following the observed change in the response of hypoxic
cells to ATP, we assessed the mRNA levels of a panel of P2X
and P2Y receptors and observed a change in levels of a suite
of purinergic receptors. Changes observed included the
down-regulation of P2X4, P2X5, P2X7, P2Y1, P2Y11 receptors
and the up-regulation of the P2Y6 receptor. Although ATP
sensitivity was reduced by both EGF and hypoxia, the changes
in purinergic receptor mRNA levels were not identical, and
P2Y6 was identified as the only purinergic receptor that was
up-regulated in both hypoxia and EGF-induced EMT. The other
receptor up-regulated by EGF in MDA-MB-468 breast cancer
cells, P2X5, was actually down-regulated in hypoxia. The

difference in the remodeling of purinergic receptors in the
two models of EMT indicates that breast cancer cells may
differentially exploit changes in the expression of purinergic
receptors that differ in their ATP affinity (Davis et al., 2012)
and/or other mechanisms (e.g. post-translational modifica-
tion) (Gonnord et al., 2009; Roberts et al., 2007) to achieve
reduced sensitivity to ATP. Hypoxia may also induce puriner-
gic receptor remodeling in cells which represent the mesen-
chymal state. Tafani et al. (2011) reported an increase in
P2X7 levels with hypoxia in MDA-MB-231 cells, which is a
mesenchymal-like human breast cancer cell line with consti-
tutive expression of vimentin protein (Mendez et al., 2010), as
well as HeLa and MCF-7 cells.

The up-regulation of P2Y6 with both EGF- and hypoxia-
induced EMT, suggests that P2Y6 may be important in bestow-
ing mesenchymal properties on breast cancer cells. Increased
expression of P2Y6 mRNA was seen in Basal breast cancers,
which overlap significantly with mesenchymal markers
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(Neve et al., 2006; Sarrio et al., 2008). The association of P2Y6
with poor overall survival supports a role for P2Y6 in pathways
important in breast cancer metastasis. High levels of P2Y6 in
Luminal A breast cancers with poorer overall survival may
indicate the presence of a subset of ER-positive tumors that
express mesenchymal features including P2Y6. Overexpres-
sion of P2Y6 mRNA is a feature of human melanomas
(White et al., 2005), human neuroblastoma cells (Lee et al,
2003), human prostate carcinoma cells (Janssens and
Boeynaems, 2001), human colonic Caco-2 adenocarcinoma
cells (McAlroy et al., 2000), A549 human lung cancer cells
(Zhao et al., 2000) and human pancreatic cancer biopsies
(Kunzli et al., 2007). Our studies now show that P2Y6 is also
up-regulated in Basal breast cancers.

Silencing and pharmacological inhibition of P2Y6 resulted
in reduction of hypoxia-induced vimentin expression, indi-
cating the role of P2Y6 as a regulator of specific aspects of
EMT in this model. The effects of siRNA silencing and pharma-
cological inhibition of P2Y6 were more pronounced on the
expression of vimentin protein than mRNA, suggesting the
mechanism of regulation is not entirely transcriptional.
Indeed P2Y6 silencing and inhibition had no significant effect
on the induction of the EMT-inducing transcription factors
Twist and Snail, which are significantly increased as part of
the EMT response to hypoxia. EMT is a complex molecular
and cellular process whereby different EMT markers appear
more pivotal in specific downstream pathways important in
the acquisition of key mesenchymal phenotypes than others.
For instance, Snail is a key regulator of E-cadherin expression
(Cano et al., 2000), and Twist plays an important role in the
inactivation of cellular senescence (Ansieau et al.,, 2008).
Vimentin was the only assessed hypoxia-induced EMT marker
in MDA-MB-468 breast cancer cells that was affected by P2Y6
silencing and pharmacological inhibition. Vimentin has a crit-
ical role in the changes in cell shape, adhesion and motility
that occur as a consequence of EMT (Mendez et al., 2010).
Indeed, we demonstrated that the pharmacological inhibition
of P2Y6 resulted in a reduction in the cellular migration of
mesenchymal-like MDA-MB-231 breast cancer cells. In this
context it is interesting to note that P2Y2 was recently shown
to regulate the migration of human hepatocellular carcinoma
cells (Xie et al., 2014), prostate cancer cells (Li et al., 2013) and
MCF-7 breast cancer cells (Chadet et al., 2014). The role of P2Y6
in hypoxia-induced vimentin expression in MDA-MB-468 cells
and in MDA-MB-231 cell migration, the elevation of P2Y6 in
basal-like breast cancers and breast cancers with lower over-
all survival, collectively identify P2Y6 as a potential therapeu-
tic target for breast cancer metastasis.

5. Conclusion

In summary, these studies demonstrate that hypoxia in MDA-
MB-468 breast cancer cells is associated with alterations in
ATP-mediated Ca?" signaling. Reduced sensitivity to ATP-
mediated Ca®" signaling as a consequence of EMT in breast
cancer cells may bestow advantages to breast cancer cells in
escaping the primary tumor microenvironment. However,
the mechanism by which this is achieved appears to be
distinct between growth factor (e.g. EGF) and hypoxia-induced

EMT. The identification of elevated P2Y6 in both hypoxia and
EGF-induced EMT as well as Basal breast cancers and other
breast cancers with poor overall survival, suggest that P2Y6
may play a role in specific aspects of breast cancer metastasis,
the ability of P2Y6 pharmacological inhibition to attenuate
hypoxia-induced vimentin expression and reduce the migra-
tion of MDA-MB-231 basal-like breast cancer cells identifies
P2Y6 as a potential novel target for breast cancer metastasis.
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