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Abstract

Lysophosphatidic acid (LPA), acting in an autocrine or paracrine fashion through G protein-
coupled receptors, has been implicated in many physiological and pathological processes
including cancer. LPA is converted to lysophosphatidylcholine (LPC) by the secreted
phospholipase, autotaxin (ATX). Although various cell types can produce ATX, adipocyte-derived
ATX is believed to be the major source of circulating ATX and also to be the major regulator of
plasma LPA. In addition to ATX, adipocytes secrete numerous other factors (adipokines); although
several adipokines have been implicated in breast cancer biology, the contribution of mammary
adipose tissue-derived LPC/ATX/LPA (LPA-axis) signaling to breast cancer is poorly understood.
Using mammary fat-conditioned medium, we investigated the contribution of LPA signaling to
mammary epithelial cancer cell biology and identified LPA signaling as a significant contributor to
the oncogenic effects of the mammary adipose tissue secretome. To interrogate the role of
mammary fat in the LPA-axis during breast cancer progression, we exposed mammary adipose
tissue to secreted factors from estrogen receptor-negative mammary epithelial cell lines and
monitored changes in the mammary fat pad LPA-axis. Our data indicate that bidirectional
interactions between mammary cancer cells and mammary adipocytes alter the local LPA-axis and
increase ATX expression in the mammary fat pad during breast cancer progression. Thus, the
LPC/ATX/LPA axis may be a useful target for prevention in patients at risk of ER-negative breast
cancer.
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Introduction

Cancer progression requires both cell-autonomous effects, specified by the genomes of
cancer cells, and paracrine signals derived from the cells within the adjacent tumor stroma.
Over the past decade, increasing effort has been made to identify stroma-derived signals that
contribute to cancer progression and may be targets for cancer prevention. These efforts have
sought to identify targets for intervention that may be less susceptible to the acquired
epigenetic and genome alterations that are characteristic of genetically unstable cancer cells
(1). Importantly, the paracrine interactions that influence cancer progression are dependent
on the unique cellular and structural components of the microenvironment in which a
particular cancer is located. In breast cancer, the mammary gland is increasingly appreciated
as relatively unique, in large part due to the embedded nature of the mammary ductal tree
and its cancer-prone epithelial cells within an adipocyte-laden microenvironment.

Prior to the mid-1990s fat cells were viewed simply as inert energy storage vessels, and
more recently have become recognized as important endocrine cells. We also now know that
adipocytes define a diverse and dynamic cell population with phenotypic properties specific
to their anatomic location (2-4). For example, adipocytes possess aromatase activity and can
increase localized and systemic levels of estrogen (5). Consistent with this finding, increased
adiposity has been positively associated with estrogen receptor-positive (ER+) breast cancer
risk in post-menopausal women (6). Furthermore, numerous studies have described breast
cancer-promoting effects of adipokines, predominantly those deregulated in obesity (7).
However, few investigations have directly addressed the influence of mammary adipocyte-
derived signals on triple-negative breast cancer (TNBC: tumors lacking ER, progesterone
receptor and HER2 expression). This is surprising considering the frequent proximity of
adipocytes to mammary epithelium, the necessity for mammary adipocyte signals for normal
mammary ductal development (8-10), and new data demonstrating phenotypic differences
between distinct fat depots. Given the aggressiveness of TNBC and the lack of preventive
treatments, increasing our understanding of the interaction between mammary adipocyte
physiology and TNBC progression is important. Potentially, research in this area could
identify novel biomarkers for TNBC progression and targets for intervention.

In the SV40 T-antigen (TAg) transgenic mouse model of human TNBC, the chronic stress
response following long-term social isolation of female mice has been associated with a
larger mammary gland tumor burden and increased tumor invasiveness compared to female
mice developing in a socially enriched, group-housed environment (11). We previously
reported that exposure to this form of chronic social stress is also associated with
upregulation of genes mediating conversion of glucose to lipids in mammary adipocytes of
female SV40 TAg mice, and a concomitant increase in de novo lipid synthesis (12).
Furthermore, serum-free medium pre-incubated with mammary fat (conditioned medium)
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caused significantly augmented proliferation of Tag mouse mammary epithelial cells
(MECs) (12). These data suggested that alterations in mammary adipocyte metabolism and
associated changes in the mammary fat secretome could alter the local microenvironment
and contribute to TNBC progression.

Here we report that in SV40 TAg female mice, phospholipid profiling of mammary adipose
tissue-derived lipids revealed a dramatic increase in lysophosphatidylcholine (LPC) in the
mammary fat of socially isolated vs. group-housed mice. LPC is a phospholipid precursor to
the proliferative signaling molecule lysophosphatidic acid (LPA). LPA acts through specific
G-protein-coupled receptors and has been implicated in diverse pathological processes,
including breast cancer progression (13-16). LPA is primarily generated from an LPC
precursor by the enzymatic action of the secreted phospholipase, autotaxin (ATX). Although
breast cancer cells can produce ATX, adipocytes are believed to be the major source of
circulating ATX and the major regulator of plasma LPA concentrations (17,18). These data
suggest that mammary stromal adipocytes could be significantly contribute LPC/LPA/ATX-
axis signaling.

To evaluate the hypothesis that lysophospholipids originating from local mammary
adipocytes influence ER- breast cancer progression, we examined the contribution of LPC
and LPA to the cell proliferative and survival effects of the mammary adipose tissue
secretome. Our data identify both LPC and LPA as significant contributors to the oncogenic
effects of the mammary adipose tissue secretome and suggest multiple important roles for
adipocyte-derived lysophospholipids in TNBC progression. We also show that TAg MECs
are associated with increased expression of ATX in the mammary fat pad. Taken together,
these observations support further investigation into LPA-axis signaling and mammary
adipocyte/epithelial crosstalk as a target for TNBC prevention efforts.

Materials and Methods

Animals and cell lines

All animal protocols conformed to the National Institutes of Health and the University of
Chicago Animal Care Guidelines. Female FVB/N mice homozygous for the SV40 TAg
transgene were provided by Dr. Jeff Green of the National Cancer Institute’s Mouse Models
of Cancer Consortium. Non-transgenic FVB/N mice were obtained from the Jackson
Laboratory at 14 weeks of age. A set of isolated and grouped TAg mice cohorts provided
mammary tissue used in lipid profiling experiments (n=4, grouped; n=6, isolated), and
protocols for these mice were described previously (11). The SV40-TAg M28N2, M27H4,
and M6 mammary cell lines were generously provided by Dr. Cheryl Jurcyk of Boise State
University and have been described previously (19). The cell lines were authenticated by
microscopic morphological analysis, were routinely tested with growth curve comparison to
the original series of cell lines, and tested negative for mycoplasma by PCR-based analysis
(ATCC 30-1012K™). To diminish the effects of continued passage on the cell lines, the cells
were discarded after 20 passages.
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Mammary fat-conditioned medium

Mammary fat pads were harvested from TAg mice at 14-17 weeks of age, and then finely
minced in serum-free culture medium (Hyclone, SH30240.01). To enrich for adipose tissue,
the samples were then centrifuged at 100 x g for 1 min and then the floating tissue was
separated from pelleted tissue, weighed, and then incubated with medium (SH30240.01,
Hyclone), containing 1% bovine serum albumin (BSA) and 1% penicillin/streptomycin
(P/S), at 10mL medium per gram tissue and 37°C for 8 hours. Medium was then harvested
and sterile-filtered through a 0.22 pm syringe filter, aliquoted, and then stored at —80 °C
until use. All medium was thawed at 4°C or on ice prior to use in experiments. Frozen
medium samples from 4 individual mice were shipped on dry ice to the Wayne State
Lipidomics Core Facility for liquid chromatography-mass spectrometry (LC-MS, see
Supplemental Methods).

Cell proliferation and cell death

Proliferation and cell death were monitored using the Incucyte™ live content imaging
system. The Incucyte system periodically captures phase-contrast and fluorescence images
from individual wells of tissue culture plates. Accompanying software allows the user to
mask phase and fluorescent images in order to quantify the surface area covered by cells in a
well (confluence as a surrogate for cell proliferation) and/or quantify fluorescence totals and
object counts. YOYO-1 iodide fluorescently labels the nuclei of dead/dying cells and was
used to quantify dead cells. To estimate cell numbers, a calibration curve was generated for
each cell line. Cells were seeded by serial dilution into columns of a 96-well plate and the
following day they were given either 5% FBS containing medium or mammary adipose
tissue conditioned medium. After 8 hrs, confluence was obtained using the Incucyte system,
and then cells were fixed with 10% trichloroacetic acid, followed by nuclear labeling with
YOYO-1 and total cell counting using the Incucyte system. Cell numbers were plotted as a
function of confluence and linear regression was used to model the data. The coefficient of
determination for all cell line regression models was greater than 0.9. Cell numbers were
calculated in subsequent experiments using respective linear models for each cell line. For
all plots, the starting cell count at time=0 was subtracted from all subsequent values. Data
were analyzed using a linear regression model with cell and percent dead counts from two
independent experiments as the response variables. GraphPad Prism software was used to
calculate a two-tailed P-value testing the null hypothesis that the slopes of the regression
models for treatment conditions (e.g. dose vs. vehicle) were identical.

LPA signaling, LPC, and small molecule antagonists

LPA was purchased in ethanol from Cayman Chemical (LPA 18:1, 10010093). LPC was
purchased from Avanti Polar Lipids (LPC 18:1, 845875P), dissolved in PBS with 1% BSA
2.5mM, and then stored in aliquots at —80 °C until use. Ki16425 (Cayman Chem.,
10012659), H2L.5186303 (Tocris Bio., 4878), and PF-8380 (Calbiochem, 189512) were
purchased in DMSO solution and stored per manufacturer’s recommendations. Solvents for
LPA and small molecule antagonists contributed no more than 0.1% of the volume in all
experiments. For LPA signaling assays, cells at roughly 75-90% confluence were serum-
starved for 8 hrs prior to treatment. Cells were then dosed with LPA for ten minutes and then
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washed with cold PBS, followed by protein harvesting and Western blot analysis, as
described previously (20). LPA, LPC, and the antagonists used in proliferation/death
experiments were added at the start of the experiments and medium were not changed for
the experimental duration.

LPA receptor knockdown

SMARTpool: ON-TARGET plus siRNAs targeting mouse LPAr1-3 were purchased from
Thermo Scientific. Reverse-transfection of siRNAs was performed using Opti-MEM and
Lipofectamine RNAIMAX (Life Technologies) following methods previously described
(21), with several modifications. Briefly, a transfection mix containing 250nM siRNA pool
and 0.5% Lipofectamine was prepared and allowed to rest for 20 minutes. The mixture was
then aliquoted in volumes of 20uL or 200uL to 96-well or 12-well plate, respectively.
M28N2 and M27H4 cells were diluted in DMEM high glucose with 10% FBS to 2.5 x 104
or 1.9 x 10% cells/mL, respectively. The diluted cells were then added in 80uL volumes to
96-well plates or 400uL volumes to 12-well plates. Following 48 hrs of culture, RNA was
harvested from the 12-well plate for later validation of targeted knockdown. Also at 48
hours, the medium in the 96-well plate was replaced with mammary adipose tissue
conditioned medium and then the plate was placed in the Incucyte live content imaging
system for the duration of the experiment.

Autotaxin IHC

Mammary fat pads were harvested from 15 week old female TAg mice and age-matched
mice of the non-transgenic parental strain (n=4 per group). Fat pads were formalin-fixed for
24 hours immediately after necropsy and then embedded in paraffin. Sections (5 microns)
were adhered to positively charged glass slides, de-waxed in xylene, and hydrated using
graded ethanol washes. Heat-induced antigen retrieval was performed using Tris-EDTA
Buffer (10mmol/L Tris base, 1 mmol/L EDTA solution, pH 9.0) incubation in a pressure
cooker for 3 minutes. Immunostaining was performed using a 1:200 dilution of anti-ATX
antibody (Millipore, ABT28) and a goat anti-rabbit secondary antibody (LI-COR
827-08365). Qualitative visual analyses were performed on scans of each section that were
captured using the CRi Panoramic Whole Slide Scanner (PerkinElmer LifeSciences).

Quantitative RT-PCR

Messenger-RNA (1ug) was reverse-transcribed using the gScript cDNA synthesis kit
(Quanta Biosciences). Quantitative real-time PCR was conducted with PerfeCTa SYBR
Green FastMix (Quanta Biosciences). Statistical significance was determined using
Student’s t-test or, if multiple comparisons were performed, by one-way ANOVA on actin-
normalized CT values. The mRNA expression of LPA receptor transcripts was determined
using the standard curve based method of data processing (22). For all other transcripts
analyzed, relative expression was determined using the Delta CT method (23). Primers used
included g-Actin. 5’-AGAGGGAAATCGTGCGTGAC-3’ (forward), 5’-
CAATAGTGATGACCTGGCCGT-3’ (reverse); Scd1:5’-TTCTTGCGATACACTCT
GGTGC-3’ (forward), 5’-CGGGATTGAATGTTCT TGTCGT-3’(reverse); Elovi6.:5’-
GAAAAGCAGT TCAACGAGAACG-3’ (forward), 5’-AGATGCC
GACCACCAAAGATA-3’ (reverse); ChREBPS:5-TCTGCAGATCGCGTGGAG-3’
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(forward), 5’-CTTGTCCCGGCATAGCAAC-3’ (reverse); ATX (Enpp2). 5°-
GACCCTAAAGCCATTATTGCTAA-3’ (forward), 5’-GGGAAGGTGCTGTTTCATGT-3’
(reverse); LPARI1 (Edg2): 5’-GGACCTAGCAGGCTTACAGT-3’ (forward), 5°-
TGCCAGGCACAAAAAGCAAT-3’ (reverse); LPARZ (Edg4): 5’-
ACTACAACGAGACCATCGGC-3’ (forward), 5’-CGTGGGCCAGTATGGAACAT-3’
(reverse); LPAR3(Edg7): 5’-GGTGTCGAAAACGTTGACCG-3’ (forward), 5’-
AGAGGCAATTCCATCCC AGC-3’ (reverse).

Lysophospholipid quantification

Phospholipid profiling was performed by the Kansas Lipidomics Research Center (KLRC)
using an automated electrospray ionization (ESI)-tandem mass spectrometry approach as
previously described (Deviah, et al. 2006) with modifications. Mammary adipose tissue was
harvested from 15 week old female TAg mice. Upon harvest, adipose tissue was placed into
a microcentrifuge tube containing DMEM high glucose medium with 1% penicillin/
streptomycin. The tissue was then finely minced, spun at 100xg for 30 seconds, and the
floating layer enriched in adipocytes was then transferred to a new pre-weighed tube. The
remaining medium was then removed from beneath the tissue with a needle and syringe.
Lipids were then extracted from the adipocytes using the Folch method. Briefly, 1mL of
methanol was added to 100uL of adipose tissue. The adipocytes were then sonicated for 10
seconds at 6 watts. The entire volume was transferred to a Pyrex tube with Teflon cap. To
the tube, 2 mL of chloroform were added and then the contents were allowed to shake and
incubate for 10 minutes at ambient temperatures. Following addition of 850uL water and
mixing, tubes sat for 10 minutes and then the lower phase was recovered. The upper phase
was washed with 1.5 mL 86:14.1:1, CHCI3/methanol/water, v/v/v solvent mix and the lower
phase was recovered and combined with the first recovery. To extract neutral lipids, the
solvent was evaporated under nitrogen gas and lipids were re-suspended in 100uL of CHCI3.
The solution was then added to a cyanopropyl solid phase extraction column (Fisher
AT209550) that had been pre-rinsed with 10mL of hexane:ether:acetic acid, 80:20:1. Neutral
lipids were eluted and collected off the column with a second 10mL volume of
hexane:ether:acetic acid. Polar lipids were then collected off the column with a final wash of
10mL chloroform/methanol/water 4/1/0.1. The lipid fractions were then evaporated under
nitrogen, weighed, and then shipped on dry ice to the Kansas Lipidomics Research Center
for mass spectrometry profiling. Compound IDs were assigned based on the m/z of the intact
ion and the mass of one fragment formed in the mass spectrometer. Signal peaks were
compared to internal standards, which included 0.3 nmol LPC 13:0 and LPC 19:0. LPA was
not detected because LC-MS lipid profiling was performed in positive ion mode ([M+H]+
ions) allowing for detection of LPC, but not LPA.

For targeted LPA and LPC analyses (conducted at Wayne State University), extracted
samples were injected into a Targa C18 column (Higgins Analytical, Targa C18, 5y, 10 x 2.1
mm) and eluted with a gradient between solvent A (Methanol : water : ammonium formate :
formic acid; 5: 95 : 2 mM : 0.2%) and solvent B (Methanol : ammonium formate : formic
acid; 100 : 1 mM : 0.2%). The gradient program with respect to solvent B is: 0 min — 60%, 3
min — 100%, 6 min — 100% at a flow rate of 0.4 ml/min. The column was washed with 100%
solvent B for 4 min at the end of each run and returned to initial conditions before next
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injection. During analysis, samples were maintained at 15 °C and the column was
maintained at 33 °C. Eluate from HPLC was directly introduced to the ion source of the
mass spectrometer (ABSCIEX: QTRAP 5500). LPA were analyzed by Multiple Reaction
Monitoring (MRM) for m/z 153 ion from each LPA species in the negative ion mode. LPC
were analyzed similarly but following m/z 184 ion for each LPC species in the positive ion
mode. Mass spectrometer conditions are as follows. Source temperature: 600 °C, Curtain
gas.: 35psi, GS1 and GS2: 45 psi, lon Spray voltage: —4500 V (for LPA) or +5500 V (for
LPC), Declustering Potential: =140 V or +100 V, Entrance Potential: -9 V or +10 V,
Collision Energy: —=30 eV or +37 eV, and Collision Cell Exit Potential: =7 V or +11V. Dwell
time for each MRM transition was 25 ms with 5 ms interscan delay for a total scan time of
14 s in each duty cycle for a total of 24 LPA or LPC species. MRM data was analyzed by
MultiQuant software (ABSCIEX) and each LPA or LPC was quantified against the internal
standards, C17-LPA or C17-LPC, respectively.

LPC is increased in mammary fat from socially isolated vs. group-housed SV40 TAg mice

We previously reported that the chronic stressor of early social isolation is associated with
increased metabolic gene expression of several genes encoding important glucose flux and
lipid metabolism proteins (hexokinase 2, ATP citrate lyase, and acetyl-CoA carboxylase
alpha) within the mammary adipocytes of 15 week old female mice (12). Increased
expression of these particular enzymes was predicted to increase glucose flux into lipid
synthesis, which was confirmed (12). A subsequent analysis of our previously published
microarray data (11) and quantitative real-time PCR revealed relatively increased expression
of several additional lipid synthesis genes in socially-isolated animals’ mammary glands,
including stearoyl-CoA desaturase-1 (Scdl), the elongase ELOVL family member 6
(Elovi6), and carbohydrate-responsive element-binding protein B (CAREBFS) (Supp. Fig.
1A).

Because the products of these genes have important roles regulating lipid synthesis and
executing modifications to specific lipid species (24,25), we hypothesized that alterations in
specific synthesized and secreted lipids from mammary adipocytes might be contributing to
the larger tumor growth in social isolated versus grouped TAg mice. Therefore, we
compared lipid profiles between the mammary fat pads of 15 week old socially isolated vs.
grouped TAg mice in conjunction with the Lipidomics Core at Kansas State University. The
most striking difference between the experimental groups was an approximate doubling of
the LPC lipid species from socially isolated animals’ mammary fat (Supp. Fig. 1B). LPA
levels could not be directly measured using this lipidomics platform.

Mammary adipose tissue conditioned medium contains LPC and LPA and support the
proliferation of TAg MECs

The data above suggested that the significantly higher LPC lipid species were present in the
mammary fat from socially-isolated versus grouped female mice; combined with our
previous data (12) demonstrating that isolated mice experience significantly greater
mammary tumor growth compared to their group-housed counterparts, we wished to explore
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possible mechanisms connecting high adipocyte LPC production to mammary
tumorigenesis., This was of interest because LPC can be converted by the adipocyte-secreted
enzyme ATX to the signaling species LPA, which in turn is known to activate epithelial
proliferation signals through G-protein coupled receptors (18). We hypothesized that
production of LPC in mammary adipocytes could lead to generation of oncogenic signaling
affecting adjacent precancerous and cancerous MECs. To test this hypothesis, we tested a
series of mammary cancer cell lines (M28N2, M27H4, and M6) derived from the TAg
mouse model of human TNBC and representing progressive stages of breast cancer for their
responsiveness to mammary fat-conditioned medium (19) (Fig.1A). M28N2, M27H4, and
M6 cells were isolated from morphologically normal Tag mammary epithelium, carcinoma
in situ (CIS), and an invasive tumor, respectively, and are referred to in this text by the stages
from which they were obtained (i.e. “normal”, “CIS”, and “invasive”). These cells are
unresponsive to estrogen and display properties, both /n vitro and as xenografts, consistent
with their representative stage of human TNBC progression (19).

Conditioned medium (CM) experiments have helped to identify adipokines, such as leptin
and hepatocyte growth factor, as contributors to breast cancer progression (26,27). However,
adipocytes secrete a plethora of growth factors, cytokines, and metabolites that likely
contribute to the pro-tumorigenic signals observed in adipose tissue CM (2,28).
Furthermore, adipose depots display metabolic and secretory properties that are specific to
their anatomical location. Therefore, we next sought to develop a conditioned medium
system that would best represent the mammary microenvironment and would allow us to
determine whether or not LPA signaling is an important contributor to the overall pro-
tumorigenic effects of mammary adipose tissue secreted factors.

To model the oncogenic effects of factors secreted locally by mammary adipocytes, we
harvested mammary fat pads from TAg female mice, enriched them for mammary adipose
tissue, and then made CM by incubating the minced fat samples in serum-free medium for 8
hours. When this medium was applied to TAg MEC cell lines, the CM was sufficient to
support MEC proliferation and cell survival (Fig. 1B). With assistance from the lipidomics
facility at Wayne State, we conducted targeted LPC and LPA analysis of the conditioned
medium (Fig. 1C, Supp. Table 1). After 8 hrs, LPC concentrations in the CM were roughly
1uM and LPA concentrations averaged about 180nM.

LPA initiates both proliferative and cell survival signaling for TAg MECs

LPA has been reported to stimulate the proliferation and survival of numerous breast cancer
cell lines (29), but the responsiveness of Tag-derived MECs to LPA has not been reported.
Therefore, we first stimulated the cells with increasing doses of LPA and monitored
phosphorylation of AKT, an established target of LPA signaling (30).

All cell lines displayed dose-responsive AKT phosphorylation starting in the low- to mid-
nM range, which peaked around 2.5uM (Fig. 2A). Similar results were also observed for
markers of ERK pathway activation upon LPA stimulation (data not shown). To determine
whether LPA signaling affects cell proliferation and/or death in TAg MECs, we cultured the
three cell lines in serum-free media and monitored their proliferation and cell death
following LPA treatment. In the absence of serum for a 48hr period, all cell lines were
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unable to sustain proliferation (Fig. 2B) but also underwent significant cell death (Fig. 2C).
However, the addition of LPA both stimulated TAg MEC proliferation and protected them
from cell death in a dose-dependent manner (Fig. 2B, C). These data suggest that LPA, at
concentrations within the range measured in mammary CM, activates both proliferative and
cell survival signaling in TAg MECs.

LPA signaling through LPA receptors (1 and 3) contributes to the pro-proliferative and anti-
apoptotic effects of the mammary adipose tissue CM

LPA has been shown to interact with at least six known G protein-coupled LPA receptors
(LPAR1-6). In Tag MECs, we determined the mRNA expression of the genes encoding LPA
receptors 1, 2, and 3 (edgZ, edg4, and edgy7; respectively). These three LPAR isoforms have
been implicated in breast cancer progression (14, 15, 31, 32). Transcripts for genes encoding
all three receptors were detected (Fig. 3A); however, LPAR2 (edg4) mRNA was the most
abundant within each cell line. We were unable to determine protein level expression of the
LPARs due to ineffective antibodies, but we did obtain significant effects through blockade
of LPAR signaling (below). Taken together these observations are concordant with the
hypotheses that mammary adipose tissue contributes to LPA signaling in TNBC.

If LPA is a significant contributor to the pro-tumorigenic effects of the mammary adipose
tissue secretome, antagonizing LPA signaling in TAg MECs cultured with mammary
adipose CM would be expected to attenuate the secretome’s proliferative and cell survival
effects. To test this hypothesis, we used two small molecules to antagonize LPA signaling:
H2L.5186303, a specific inhibitor of LPAR2 (33); and Ki16425, which inhibits both LPAR1
and LPAR3 (34). In pilot experiments, both inhibitors displayed evidence of non-specific
cytotoxicity at the 10uM concentration (data not shown). Therefore, we tested log dilutions,
from 1uM down to 10nM, for their ability to antagonize the CM effects on MECs.

Antagonism of LPAR2 during culture with mammary adipose CM did not affect the
proliferation of any of the TAg MECs, suggesting LPAR2, despite its relatively high
expression, is dispensable for LPA’s pro-proliferative effects (Fig. 3B), (Fig. 3A). However,
the normal and CIS cell lines in CM were acutely sensitive to increasing doses of the
LPARZ1/3 antagonist (Fig. 3C). Notably, the anti-proliferative effects of the LPAR1/3
antagonist were not observed in cells cultured with 10% serum (Fig. 3D), suggesting the
effects of the small molecule are specific and not the result of generalized toxicity.
Interestingly, although the invasive cancer cell line was responsive to exogenous addition of
LPA (Fig. 2B), the CM-induced proliferation of the invasive cancer cells was unaffected by
the inhibitor, suggesting alternative factor(s) in the CM can promote proliferation through
LPA-independent pathway(s) in these cells.

To confirm the chemical inhibitor results, we attempted siRNA-mediated knockdown of
LPAR1 or LPAR3 in all three cell lines. In the normal and CIS cell lines that responded to
LPAR1/3 antagonism, we were able to induce siRNA-mediated depletion of LPARL or
LPAR3 expression (confirmed by quantitative real-time PCR) and these LPAR-depleted
cells’” behavior replicated the effects of the chemical inhibitor on intact cells (Fig. 4A).
However, despite multiple attempts, we were unable to knockdown either LPAR1 or LPAR3
in the invasive TAg cells (data not shown). In the normal cell line, knockdown of either
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LPAR1 or LPARS significantly attenuated the proliferative effects of the CM (Fig. 4B),
suggesting that both receptors contribute to LPA-mediated pro-proliferative effects.
Conversely, knockdown of LPAR1 in CIS cells had no effect on proliferation in CM, while
LPAR3 knockdown dramatically antagonized the pro-proliferative effects of CM (Fig. 4B).
Notably, although the overall percentage of cell death was low with the conditioned medium,
knockdown of LPAR3 did result in a statistically significant increase in cell death in both
cell lines (Fig. 4C). An increase in cell death was not observed with LPAR1 knockdown,
suggesting that LPAR3 plays a unique role in cell survival. Taken together, these data
support the small molecule inhibitor results, and suggest that LPA signaling dynamics may
change during cancer progression.

LPC supports TAg cancer cell proliferation independently of LPAR signaling

Although adipocytes are believed to be the major source of circulating ATX (17), many
cancer cells also express ATX (15, 35, 36). Because the LPA precursor, LPC, is also released
by mammary adipocytes, we hypothesized that MEC autonomous conversion of mammary
adipocyte-derived LPC to LPA could contribute to the cancer-promoting effects of the
adipocyte secretome. To evaluate this hypothesis, we began by measuring the expression of
ATX mRNA and protein in the progressively tumorigenic TAg MECs. All three cell lines
expressed ATX and both ATX mRNA and protein levels were inversely associated with the
stage from which each cell line was obtained (Fig. 5A, B).

To determine whether addition of LPC to serum-free medium could promote the
proliferation and survival of TAg MECs, we stimulated the cells with increasing doses of
LPC (0-40 uM) and monitored proliferation and cell death. LPC supported proliferation and
survival in the normal and (at higher doses) the invasive TAg MECs; however, the effects of
LPC were far less pronounced in the CIS cells (Fig. 5C, D). Interestingly, although the CIS
cell line expressed intermediate levels of ATX and the invasive cell line the least amount of
ATX, LPC was clearly more effective at stimulating proliferation and survival in the invasive
cell line. These data suggest that the invasive cell line responds to LPC independently of
LPAR-mediated signaling.

To test this hypothesis, we stimulated the LPC-sensitive cell lines (normal and invasive
carcinoma) with LPC in the presence or absence of PF-8380 (40uM), a small molecule ATX
antagonist (37). Inhibition of ATX activity in the normal cells eliminated the proliferative
response to LPC (Fig. 5E). In contrast, ATX inhibition in the invasive cells did not alter the
ability for LPC to promote cell proliferation (Fig. 5F). These data suggest that mammary
adipocyte-derived LPC may support the growth of MECs with high ATX expression via LPA
conversion (normal cells). LPC may also support invasive mammary cancer cells
independently of ATX-mediated LPA generation and receptor signaling, although further
work is required to prove this supposition.

TAg epithelial cell-secreted factors increase ATX expression in mammary adipose tissue

Recent studies have suggested that mammary tumorigenesis alters ATX expression within
the mammary stroma (38). To determine whether increased stromal ATX expression is
associated with progression to cancerous mammary epithelium, we performed anti-ATX
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immunohistochemistry (IHC) on mammary fat pads harvested from 15 week old TAg
FVB/N mice and compared them to age-matched non-transgenic FVB/N mice. Within the
mammary stromal compartment, we observed striking differences in ATX staining between
the transgenic and FVB/N mammary glands (Fig. 6A). Qualitatively, TAg mouse mammary
fat pads stained much more intensely for ATX and the adipocytes tended to be smaller.
These data agree with previous studies suggesting that mammary tumorigenesis increases
ATX expression in the mammary stroma (32,38).

To test the hypothesis that paracrine signaling from TAg MECs increases ATX expression in
the mammary fat pad, we began by generating CM from each of the TAg MECs. The MEC
CM were then applied separately to mammary adipose tissue for 24 hr, after which
mammary fat RNA and protein was harvested to measure ATX expression (Fig. 6B).
Treatment of mammary adipose tissue with TAg MEC CM resulted in upregulation of the
gene encoding ATX and a concomitant increase in ATX protein expression (Fig. 6C, D).
These data support a model in which paracrine signals from TAg MECs augment ATX
expression in the mammary fat pad, which in turn increase LPA production to promote
TNBC proliferation.

Discussion

Prior studies have demonstrated that mammary fat-derived as well as other subcutaneous
adipocytes secrete factors capable of influencing breast cancer biology (39). However,
previous work has largely focused on estrogen and other adipokines affecting ER+ breast
cancer (5,40-43). For example, studies that have examined the association between obesity
and breast cancer risk have focused on ER+ mammary tumors, circulating adipokines that
increase in obesity such as leptin, or aromatase activity and estrogen exposure in
postmenopausal women (5,40-43). Additional studies have observed that obesity results in
increased ATX expression within adipose tissue (44), decreased circulating LPC (45), and
increased circulating LPA (46). Moreover, overexpression of any of the three classical LPA
receptors or ATX in the mammary epithelium of mice is sufficient to promote late onset ER
+ mammary cancers (15), whereas overexpression of aromatase in the mammary epithelium
results in hyperplasia, but no overt tumor formation (47). Despite these data, the role of
mammary fat-derived LPA in TNBC biology has been far less explored. Here we model the
mammary microenvironment to study the roles of the mammary fat-derived lipid-
metabolites, LPC and LPA, in ER-negative breast cancer progression.

Novel ATX, LPAR and dual-activity inhibitors have been developed to decrease LPA
signaling in cancer. These inhibitors are effective in attenuating primary tumor growth and
inhibiting metastasis in xenografted breast cancer cells (33,34,37,48,49). Our data suggest
that the anti-cancer effects of antagonizing LPA signaling are due in part to the blockade of
LPA signals from the mammary fat pad. In this study, both LPA and LPC were identified as
important metabolites secreted from mammary adipose tissue that provide proliferative and
survival signals to ER- cancer cells. Furthermore, these data suggest that paracrine signals
from cancerous epithelium increase expression of ATX in the mammary fat pad, both /n
vitroand in vivo (Supp. Fig. 2) and support the development of preventive therapies that
target localized LPA signaling in the mammary microenvironment.
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Our previous observations suggested that the physiological response to chronic social
isolation in TAg female mice resulted in larger mammary tumors and increased expression
of genes encoding enzymes mediating the production of specific lipids led us to perform an
unbiased lipidomic analysis of the mammary fat from socially isolated versus group-housed
animals. Of immediate interest was the significant elevation of LPC, the precursor to LPA
that has been associated with increased breast tumorigenesis, in the mammary fat from
socially-isolated mice. The goal of the current work was to examine the possible role of the
signaling molecule LPA (the precursor of LPC) and ATX (the adipose tissue-secreted
enzyme responsible for the generation of LPA from LPC) derived specifically from
mammary gland fat, in promoting TNBC tumorigenesis. To further delineate these
molecular relationships and model the mammary gland microenvironment, we employed an
in vitro approach using MEC lines derived from various stages of TAg-induced mammary
tumorigenesis, and mammary adipose tissue CM.

The TAg-initiated mammary cancer lines employed here are models for human TNBC
progression. LPA addition to serum-free medium stimulated proliferation and survival in all
three TAg MEC lines. However, CM experiments suggested that the importance of LPA as a
proliferative/survival signal is context-dependent and may change with cancer progression.
In the normal and CIS cells, LPAR1/3 antagonism by chemical inhibitors or RNA
interference revealed that LPA signaling was a significant pro-proliferative component of the
mammary adipose CM. The same set of experiments indicated that LPAR2 expression may
be dispensable for the effects of the CM in all three TAg cell lines. However, the LPAR2
antagonist (H2L5186303) used in this study has only been validated in cell-based assays
using LPA-induced Ca+ mobilization (50) and despite multiple attempts, we were unable to
knockdown LPAR2 mRNA in the TAg cell lines using siRNA. Therefore, further work is
required to firmly dismiss a role for LPAR2 in these cells.

Unlike normal and CIS cells, the M6 TAg invasive mammary cancer cells were not
dependent on LPA for CM-induced proliferation. Blockade of LPAR-mediated signaling had
no impact on the pro-proliferative effects of CM in these cells. In advanced cancers,
acquired mutations may diminish the role of LPA in cell proliferation, while increasing its
importance in migration, invasion, and metastasis (40). This hypothesis agrees with a
previous study which found that decreasing LPA signaling to xenografts in a mouse model
using a small molecule ATX antagonist significantly attenuated xenograft tumor growth in
early-stage cancers, but the effect was lost in advanced cancers (38). Notably, ATX
inhibition caused lung metastases to be decreased by 60%. Future investigation is needed to
determine whether mammary fat-derived LPA directly influences tumor cell motility,
invasion and/or metastasis.

A second property unique to the invasive TAg cancer cells was their ability to respond to the
LPA precursor LPC, independently of its conversion to LPA. The mechanism through which
LPC supports proliferation of the invasive TAg cell line is unclear. However, some
aggressive fully transformed cancer cells acquire a phospholipid “scavenging” phenotype in
which cell proliferation is supported by sequestered phospholipids that are then incorporated
into cell membranes (51). The observation that only the invasive TAg cell line responded to
LPC, independently of LPA generation/signaling, suggests that additional mutations during
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breast cancer progression may contribute to acquiring LPC responsiveness. Indeed, the
phospholipid scavenging phenotype has been associated with ras-transformed cells and ras
pathway activation is characteristic of advanced TAg mammary tumors (51, 52). Acquired
LPC responsiveness may therefore be an important therapeutic target in established TNBC.

It is known that cancer-associated adipocytes that are found adjacent to primary breast
tumors, display an “activated” phenotype with elevated expression of specific
proinflammatory cytokines and smaller, de-lipidated, cells (53). These activated adipocytes
appear to modify cancer cell characteristics leading to a more aggressive tumor behavior
(53). Our data suggest that increased ATX expression may be an important and targetable
oncogenic mechanism used by cancer-associated adipocytes. For example, we observed a
striking increase in ATX expression in the stromal-compartment of TAg vs. parental mouse
mammary glands. Similar observations were made in two other studies, one in human breast
cancer and the other in a mouse model (32, 38). In a panel of 87 invasive human breast
carcinomas, Popnikolov et al. reported increased stromal ATX expression in 16.3% of
samples, and high ATX expression was associated with strong desmoplastic stromal
reactions (32). Benesch et al. reported that mammary fat pads engrafted with a tumor
displayed about a 2-fold increase in ATX activity compared to the non-grafted contralateral
fat pad (38). Interestingly, although the xenografted cancer cells studied expressed negligible
ATX activity, inhibition of ATX attenuated primary xenograft growth and metastasis. The
authors suggested that these effects were due to inhibition of ATX activity from the
mammary fat pad. Consistent with the association between increased stromal ATX
expression and cancerous mammary epithelium, our data implicate soluble factors secreted
from TAg transformed epithelial cells in the increased ATX expression within the mammary
fat pad. Future studies will examine inflammatory cytokines such as TNF-alpha as putative
regulators of adipocyte ATX production (54, 55).

Cumulatively, our data suggest an important role for mammary adipocyte-derived LPA and
ATX in ER-negative breast cancer progression, and support further investigation into the
mechanisms underlying the link between mammary adipocytes and breast cancer
progression in the TNBC subtype. These data also suggest there is bi-directional
communication between mammary adipose tissue and breast cancer cells in upregulating the
LPC/ATX/LPA axis, perhaps independently of obesity. Studies are ongoing to extend these
findings by using primary human mammary adipose tissue CM and studying its effect on
human TNBC cells lines. These data also support the continued development of strategies
that target LPA production and signaling in the prevention and treatment of breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Mammary adipose tissue conditioned medium (CM) contains LPC and LPA and supports the

proliferation of TAg MECs. A, Diagram illustrating th TAg MEC lines and the
representative cancer stage from which each cell line was obtained. B, Mammary adipose
tissue was cultured in serum-free medium for 8hr to make conditioned (CM), which was
then applied to TAg cell lines. Cell proliferation was measured using the Incucyte™ live
content imaging system. Cell numbers were calculated from confluence values (see
methods) and the data were plotted with the cell count at time=0 subtracted from all
subsequent cell counts. Data represent means from two independent experiments for each
cell line. C, Quantitative LC-MS analysis of LPC and LPA concentrations in 8hr mammary
CM (n=5).
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Figure 2.

LPA initiates a proliferative and survival signal for TAg MECs. A, TAg cell lines were
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serum starved for 8hr, followed by a 10 minute treatment with the indicated concentration of
LPA. AKT phosphorylation at serine 473 (pAKT) levels was quantified by densitometry
analysis of Western blots and normalized to total AKT levels (right, pAKT/AKT) (A). TAg
cell lines were cultured without serum +/- the indicated concentration of LPA and then cell
proliferation (B) and cell death (C) were measured using the Incucyte™ live content imaging
system. LPA was only added at the initiation of the experiment. Cell numbers were
calculated from confluence values (described in methods). Change in cell number was
calculated by subtracting the initial cell count at treatment time=0 from all subsequent cell
counts. Error bars indicate standard error of the mean. Statistics were determined from 3

independent experiments. In all panels; *, p< 0.05; **, p<0.01; *** p<0.001.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

\olden et al.

A
70
<
Z 60
:é 50
<
& 4w Normal
g
2
&
10
0 I
LPAr (Edg2)
< ®
Z «
B 50
z as
& w0
°
R
=
5
&

|
;

LPAr1 (Edg2)

<
Z e
o
g 5 .
g Invasive
£
—
E o
S
T
o ——
LPAN (Edg2)

LPAr2 (Edg4)

76403

5E+03

3E+03

Normal
Cell number

16403

LPAr3 (Edg7) SEE

16404
8E03

6403

CIS
Cell number

4E+03

. ! 2603

LPAR (Edg4) LPAr3 (Edg7) 0k

5E+04

4E+04

Invasive
Cell number

3E:04

: 26404
: 1404

LPAR (Edg4) LPAI3 (Edg7)

Figure 3.

LPAR 1/3 antagonism attenuates CM-induced TAg cell proliferation. A, Relative LPAR
expression in TAg cell lines determined by g-RT-PCR. B, Proliferation of TAg cell lines
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cultured in mammary CM with the indicated dose of the LPAR2 antagonist, H2L.5186303.
C, Proliferation of TAg cell lines cultured in mammary CM with the indicated dose of the
LPARZ1/3 antagonist, Ki16425. D, Proliferation of TAg cell lines cultured 10% FBS medium
with the indicated dose of the LPAR1/3 antagonist, Ki16425. . Statistics were determined
from 3 independent experiments. Error bars indicate standard error of the mean. Panels B-D;
NS, Not Significant; ***, p<0.001 compared to vehicle (control).
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MEC LPAR 1 and 3 signaling contributes to mammary adipose tissue CM pro-proliferative
and pro-survival effects. A, Relative mRNA expression of LPAR1 and LPAR3 transcripts
(EdgZ2and Edgy7, respectively) following 48hr treatment with siRNAs targeting LPAR1
(siR1), LPARS3 (siR3), or non-targeting siRNA (NT). Following 48hr treatment with sSiRNAs
targeting LPAR1, LPAR3, or non-targeting siRNAs, TAg MECs were washed and medium
changed to mammary CM. Proliferation (B) and cell death (C) were measured in the
Incucyte™ live content imaging system. . Statistics were determined from 3 independent
experiments. Error bars indicate standard error of the mean. In all panels; ***, p<0.001

compared to non-targeting siRNA (control).
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Figureb.

LPC supports the proliferation and survival of TAg MECs and requires LPAR signaling in
normal but not invasive TAg MECs. Relative expression of A7.X (Enpp2) mRNA transcripts
(A) and protein (B) in TAg cell lines. TAg cell lines were cultured without serum +/- the
indicated concentration of LPC and then cell proliferation (C) and cell death (D) were
monitored using the Incucyte™ live content imaging system. Normal (E) and invasive (F)
TAg cell lines that were cultured without serum and in the presence or absence of 40uM
LPC were treated with 10uM PF-8380 (AT X antagonist) or vehicle. The cells were then
placed in the Incucyte™ live content imaging system to measure proliferation for 52 hours.
Statistics were determined from 3 independent experiments. Error bars indicate standard
error of the mean. Panels C - E; *, p<0.05; **, p<0.01; *** p<0.001 compared to vehicle
(control).

Cancer Prev Res (Phila). Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

\olden et al. Page 23

A

/m
>
fr
8
1=}
3)
-
<
[-w
=~
<
=
Harvest mammary C D
fat pad
[&Yas)
7? 3 Media: 5%FBS  Normal  CIS Invasive
*%
, TAg cells: 24h 2 -
Process adipose w gcfjmie r E 25 ATX B —— G— —
tissue ! o < *
¥ i (5%FBS) z 2 Actin .
: E .
24hr culture ! ®os -“‘
(serum free) : < - 20
i E 1 g 15 *%
i 2 <5 *
24hr culture ! & 05 E < 0
(TAg CM) ; < 5 -
Harvest media 0 0
. 5%FBS NormalCM CISCM  Invasive 5%FBS Normal as Invasive
RNA/Protein ™
harvest
Figure®6.

TAg MEC-secreted factors induce ATX expression in mammary adipose tissue. A, Anti-
ATX immunohistochemistry was performed on formalin-fixed paraffin-embedded mammary
fat pads harvested from 15 week old TAg mice and the non-transgenic (parental) FVB/N
line. Representative images from 3 different TAg and parental mice are shown. B, CM from
each of the TNBC TAg cell lines was applied separately to mammary adipose tissue for 24
hours and then mammary fat RNA and protein were harvested. C, ATX (EnppZ) mRNA
expression in mammary adipose tissue following 24hr exposure to TAg cell CM. D, ATX
protein expression from mammary adipose tissue following 24hr exposure to TAg MEC line
CM. Statistics were determined from 3 (ATX mRNA expression) and 4 (ATX protein

Cancer Prev Res (Phila). Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

\olden et al.

Page 24

expression) independent experiments. Error bars indicate standard error of the mean. Panels
C and D; *, p<0.05; **, p<0.01 compared to FBS (control).
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