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Abstract

Background

The chemokine receptor CXCR4 plays a crucial role in tumors, including glioblastoma multi-
forme (GBM), the most aggressive glioma.

Phosphatidylcholine-specific phospholipase C (PC-PLC), a catabolic enzyme of PC
metabolism, is involved in several aspects of cancer biology and its inhibition down-modu-
lates the expression of growth factor membrane receptors interfering with their signaling
pathways.

In the present work we investigated the possible interplay between CXCR4 and PC-PLC
in GBM cells.

Methods

Confocal microscopy, immunoprecipitation, western blot analyses, and the evaluation of
migration and invasion potential were performed on U87MG cells after PC-PLC inhibition
with the xanthate D609. The intracellular metabolome was investigated by magnetic reso-
nance spectroscopy; lactate levels and lactate dehydrogenase (LDH) activity were analyzed
by colorimetric assay.

Results

Our studies demonstrated that CXCR4 and PC-PLC co-localize and are associated on
U87MG cell membrane. D609 reduced CXCR4 expression, cell proliferation and invasion,
interfering with AKT and EGFR activation and expression. Metabolic analyses showed a
decrease in intracellular lactate concentration together with a decrement in LDH activity.
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Conclusions

Our data suggest that inhibition of PC-PLC could represent a new molecular approach in gli-
oma biology not only for its ability in modulating cell metabolism, glioma growth and motility,
but also for its inhibitory effect on crucial molecules involved in cancer progression.

Introduction

Glioblastoma multiforme (GBM), the most aggressive and frequent glioma which represents
about 50% of all brain tumors, is characterized by an aberrant network of molecular signaling
pathways that drive uncontrolled cell proliferation, high invasivity, aberrant angiogenesis and
high cellular heterogeneity [1].

Among the factors recently described to be implicated in different biological features of gli-
omas, an increasing attention has been focused on some chemokine/chemokine receptor axes.
Among these, the system formed by the chemokine receptor CXCR4 and its cognate ligand,
the chemokine SDF-10./CXCL12, has been highlighted to play a crucial role in multiple mech-
anisms sustaining tumor progression [2-4].

CXCR4 is a transmembrane G-protein-coupled receptor, widely expressed in several tumor
types, whose binding with the chemokine CXCL12 results in the activation of down-stream
signal transduction pathways such as the phosphorylation of mitogen activated protein (MAP)
kinases and AKT-mediated signaling, responsible for multiple features of malignancy includ-
ing chemotaxis, cell survival, cell proliferation, increased intracellular calcium and transcrip-
tion of genes involved in angiogenesis, inflammation and metastasis [5, 6].

Several reports demonstrated a correlation between high levels of CXCL12 and CXCR4
and tumor malignancy in different tumor types, including gliomas [7]. Numerous studies on
preclinical glioma models have shown that the blockade of the CXCL12/CXCR4 axis by spe-
cific antagonists affects tumor growth, vasculogenesis and post-radiation recurrence [8-10].
Furthermore, using an in vitro and in vivo U87MG glioma model, we recently showed that
CXCR4 inhibition with a novel peptide antagonist not only induces alterations in molecular
responses strictly related to the tumor cells but also modulates the reactivity of glioma-associ-
ated microglia/macrophages (GAM:s), with a polarization into a proinflammatory GAM:s phe-
notype that could be correlated with a potential anti-tumor activity [11].

Despite numerous encouraging results obtained using CXCR4-targeting treatments in pre-
clinical models, to date this approach has not shown a strong efficacy against GBM growth and
progression. The complex biology of GBM and the existence of redundancy and co-activation
of multiple molecular pathways require the use of novel strategies for treatment of GBM
patients.

Previous studies by our group showed that a catabolic enzyme of the phosphatidylcholine
(PC) cycle, the PC-specific phospholipase C (PC-PLC), is crucially involved in multiple aspects
of cancer biology such as cell metabolism, proliferation, survival and differentiation [12-20].
PC-PLC catalyses the hydrolysis of PC by producing phosphocholine (PCho) and 1,2-diacyl-
glycerol (DAG), a second messenger that induces the activation of protein kinase C (PKC)
which in turn phosphorylates several proteins involved in multiple transduction cascades.

Interestingly, the inhibition of PC-PLC by a competitive inhibitor (D609) down-modulates
the expression of some growth factor membrane receptors in breast cancer cells [16] thus
interfering with cell receptor-activated signal transduction pathways involved in tumor pro-
gression [20].
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On the basis of these previous data, pointing to links between PC-PLC enzyme activation
and growth factor receptors’ status and in light of our previous study on CXCR4 in U87MG
glioma cells [11], in the present work we investigated the possible cross-talk between CXCR4
and PC-PLC in U87MG cells using the competitive PC-PLC inhibitor D609 [21] and com-
pared the effects of this agent with those exerted by a conventional CXCR4 antagonist
(Plerixafor).

Materials and methods
Chemicals

All chemicals were purchased from Life Technologies (Carlsbad, VA, USA) unless otherwise
specified. D609 (tricyclodecan-9-yl-xanthogenate) and Plerixafor were supplied by Sigma
Aldrich (St Louis, MO, USA).

Antibodies and reagents

Rabbit polyclonal antibody raised against bacterial (Bacillus cereus) PC-PLC and selectively
cross-reacting with a mammalian PC-PLC isoform (66 kDa) was obtained in our laboratory
according to Clark et al [22] and characterized as previously described [23, 24]. The following
antibodies were used: mouse anti-human CXCR4 monoclonal antibody (R&D Systems, Min-
neapolis, MN, USA, cat. n° MAB172, 1:50), rabbit polyclonal anti-CXCR4 (Sigma-Aldrich, cat.
n°C8227, 1:1000), mouse monoclonal anti-B-actin (Sigma-Aldrich, cat. n°A5441, 1:2000), rab-
bit polyclonal anti-phosphorylated AKT (Ser473, Cell Signaling, cat. n°9271, 1:1000), rabbit
polyclonal anti-AKT (Cell Signaling, Danvers, MA, USA, cat. n°9272, 1:1000), mouse mono-
clonal anti-phospho-MAPK (ERK1/2, Thr202/Tyr204, Cell Signaling, cat. n°9106, 1:1000),
rabbit polyclonal anti-MAPK (ERK1/2, Sigma-Aldrich, cat n°M5670, 1:10000), mouse mono-
clonal anti-phospho-EGFR (Tyr1068, Cell Signaling, cat. n°2236, 1:500), rabbit monoclonal
anti-EGFR (Cell Signaling, cat. n°4267, 1:1000).

The secondary antibodies Alexa Fluor-594 or -488- F(ab’), fragments of goat anti-rabbit
(cat.n" A-11072, 1:200) and goat anti-mouse (cat. n* A-11017, 1:200) were purchased from
Molecular Probes (Life Technologies); horseradish peroxidase-conjugated goat anti-mouse
IgG (cat. n° 170-6516, 1:3000) and goat anti-rabbit IgG (cat. n® 170-6515, 1:3000) were from
BioRad Laboratories Inc.

Cells

The human glioblastoma multiforme (GBM) cell line U87MG, purchased from American
Type Culture and Collection (ATCC, Manassas, VA, USA) was cultured in MEM at 5% CO2
and 95% humidified atmosphere air at 37°C. The medium was supplemented with 10% fetal
bovine serum (Sigma-Aldrich), 2mM glutamine, 100 pug/ml streptomycin, 100 U/ml penicillin
and 1mM sodium pyruvate.

Cell treatments

US7MG cells were seeded at a density of 4.0 x 10 cells per cm?, cultured in complete medium
at 37°C for 24h and then incubated in absence (CTRL) or presence of either 10 pM Plerixafor,
a CXCR4 antagonist [11], or with the competitive PC-PLC inhibitor, tricyclodecan-9-yl-potas-
sium xanthate (D609). Both inhibitors were suspended in PBS and were added to cells with an
equal volume of fresh medium as for control condition. The sensitivity of U87MG cells to
D609 was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay, as previously described [16, 25] on cells exposed to increasing concentrations of D609,
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from 20 uM to 300 uM for 48h (S1 Fig). For the subsequent experiments, we utilized 100 pM
concentration of D609, which inhibited U87MG cell proliferation by 50.0 + 0.3% at 48h of cell
exposure (P (treated versus untreated) < 0.001) without inducing any significant alteration in
cell viability (> 90% at any tested time of exposure to the drug).

Cell proliferation of treated cells

The effects exerted by the PC-PLC inhibitor and the CXCR4 antagonist on U87MG cell prolif-
eration were investigated using Trypan blue exclusion tests at different time points (24h, 48h
and 72h).

Confocal laser scanning microscopy (CLSM)

CLSM experiments were conducted on non-permeabilized U87MG cells in order to investi-
gate the localization and distribution of CXCR4 and PC-PLC on plasma membrane. GBM
cells were plated in 24-well plates onto 12-mm cover glasses and treated for 24, 48, 72h as
described in the “Cell treatments” section.

Prior to fixation cells were incubated with either anti-PC-PLC (1:50) or anti-CXCR4 anti-
bodies (1:50). Alexa Fluor®™ 488-F(ab’), fragments of goat anti-mouse, and -594 F(ab’), frag-
ments of goat anti-rabbit, were used as secondary Abs. After extensive washing in PBS and
fixation with methanol, the coverslips were mounted with Vectashield® antifade mounting
medium containing DAPI (Vector Labs, Burlingame, CA, USA).

The examinations were performed on a Leica TCS SP2 AOBS apparatus (Leica, Wetzlar,
Germany) as previously reported [11].

Transwell chamber migration and invasion assays

The effects of D609 on migration and invasive potential of U87MG cells were analyzed by a
transwell chamber [26] assay by using inserts with 8.0-pum pore (BD Biosciences, Sparks, MA,
USA) which stood in six-well plates. The procedure for carrying out invasion and migration
assays was the same described previously [18]. U87MG cells were plated and treated as previ-
ously described and after 24h of treatment cells were harvested and seeded in the inner side of
the transwell chamber in serum-free medium in the absence of the inhibitors. U87MG cells
were allowed to migrate for 20 h at 37°C. The detection and analysis of cells that migrated and
invaded through the membrane was performed as described previously [18].

Western blotting (WB)

U87MG cells were seeded and treated with D609 or Plerixafor as described above. Protein
expression was evaluated in total cell lysates (30 pg of proteins) processed as previously
described [11] and blotted with the antibodies (Abs) described in “Antibodies and reagents”
section. Horseradish peroxidase (HRP)-conjugated antibodies, goat anti-mouse and goat anti-
rabbit were used as secondary antibodies. Immobilion™ Western reagents (Merck Millipore,
Billerica, MA, USA) were used as chemoluminescent substrates. Images were acquired and
elaborated by a Multispectral Imaging system UVP (Biospectrum, Upland, CA, USA). Densi-
tometric analyses were performed using Image J software (imagej.nih.gov/ij/).

Immunoprecipitation

U87MG cells were prepared for immunoprecipitation tests as previously described [27]. In
brief, total cell lysates (1 mg/ml) were incubated with 10% protein G Sepharose (Amersham
Biosciences, Uppsala, Sweden) in the presence of anti-CXCR4 Ab overnight at 4°C. After
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extensive washing, beads were removed by centrifugation at 14,000 rpm and then SDS sample
buffer 4%, containing 2-mercaptoethanol (ICN Biomedicals Inc., Irvine, CA, USA) was added
to elute proteins by heating the sample at 100°C for 5 minutes. Immunoprecipitates were
resolved by 7% SDS-PAGE under reducing conditions and blotted with anti-CXCR4 and/or
anti-PC-PLC Abs.

Proton magnetic resonance spectroscopy

High-resolution proton magnetic resonance spectroscopy (‘"H MRS) analyses were performed
at 25°C using a 400 MHz Bruker Avance spectrometer (9.4 Tesla) (Bruker, Karlsruhe, Ger-
many) on U87MG cells treated for 24h, 48h and 72h as described in the “Cell treatments”
section.

At each time point of treatment, GBM cells were harvested, washed with cold PBS and pro-
cessed for MRS experiments as previously described [13]. U87MG ethanolic cell extracts were
prepared by adding 70% of ethanolic solution (EtOH:H20O, 70:30 v/v) to cells. Samples were
sonicated at 20 kHz by a MSE ultrasonic disintegrator Mk2 (exponential probe, 8 pm peak to
peak) and centrifuged at 3,000 rpm for 30 minutes. The supernatants were lyophilised in a
RVT 4104 Savant lyophiliser, and the residue resuspended in D,O (Sigma-Aldrich) containing
0.1 mM trimethylsilyl-propionic-2,2,3,3-d4 acid sodium salt (TSP) using trimethyl-silyl-propi-
onic-2,2,3,3-d4 acid (TSP) sodium salt as chemical shift and peak area reference (Merck & Co,
Montreal, Canada).

"H MR spectra of cell extracts were obtained using acquisition pulses, water presaturation,
data processing, and data analysis according to an established protocol developed in our labo-
ratory [28, 29] using a Imm TXI Microprobe. Spectra of extracts were zero-filled by doubling
the number of data points (to 32 K) and line-broadened by 0.5 Hz prior to Fourier transforma-
tion and subsequently quantitated by integration using WINNMR Bruker software and/or
Topspin 3.0. The latter allowed baseline correction by application of a cubic splines function
through appropriate points. All spectra were repeated on standard compounds for verification
of signal assignments, which were further confirmed by literature reports.

Relative metabolite contents (C(m)) were determined by measuring the area (integral) of
the signals of the corresponding metabolite chemical groups (I(mcg)) referring to the integral
of the reference standard (I(r)). Furthermore, we referred each integral to the number of
equivalent protons in the metabolite chemical group (N(mcg)) and in the reference standard
molecule (N(r)), applying the equation:

C(m) = [[I(mcg)] /[I(r)] x[N(r)] /[N(mcg)]].

Metabolite quantification was expressed as metabolite percentage versus the total
metabolites.

For peak assignment of “total choline” (tCho) resonance band samples were analyzed using
a 700 MHz Bruker Avance spectrometer (16.4 Tesla) (Bruker, Karlsruhe, Germany). Choline
containing metabolites have been identified by an increase of proton 'HMRS resonance band
at 3.2 ppm, due to the trimethylammonium (—N(CH)3)3 headgroups of phosphocholine
(PCho), glycerophosphocholine (GPC) and free choline (Cho).

Determination of lactate content and lactate dehydrogenase activity

Cells were seeded and treated as described in the previous sections. After 24h, 48h and 72h of
treatment U87MG-conditioned medium was collected and cells were harvested and lysed on
ice for 30 minutes with a lysis buffer [0.2M Tris HCI pH 8; 0.1% Triton X-100; 0.09% NaCl]
then centrifuged at 13,000 rpm at 4°C for 10 minutes. The extracellular lactate concentration
was measured in supernatants, while intracellular lactate and lactate dehydrogenase (LDH)
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activity were measured in cell lysates using diagnostics assay Kit CE-IVD approved on instru-
mentation Roche/Hitachi Cobas C System: LACT colorimetric assay (Roche cat. n°03183700-
190) and LDH enzymatic assay (Roche cat. n° 20767123-322).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 4 (GraphPad Software Inc.). Statis-
tical significance of differences was determined by two-tailed unpaired Student t-Test or one-
way ANOVA as specified. Differences were considered significant when P < 0.05.

Results
Co-localization and association of PC-PLC with CXCR4 in U87MG cells

CLSM analyses highlighted for the first time an extensive co-localization of PC-PLC and
CXCR4 on the plasma membrane of unfixed cells, as reported in Fig 1A. Moreover, WB of
proteins immunoprecipitated with anti-CXCR4 Abs showed the presence of a distinct protein
band due to PC-PLC (66 kDa), confirming the existence of an association between PC-PLC
and CXCR4 in U87MG cells (Fig 1B).

Effects of PC-PLC inhibition on CXCR4 expression

The localization of PC-PLC and CXCR4 on plasma membrane was evaluated by CLSM analy-
ses of non-permeabilized U87MG cells exposed for different time intervals (24h, 48h, 72h)
either to the PC-PLC inhibitor D609 (100 uM) or to the CXCR4 antagonist Plerixafor (10 pM).
Plerixafor strongly decreased the CXCR4 expression on cell membrane of U87MG cells treated
for 24h compared to untreated (CTRL) cells (Fig 1C, green fluorescence) as already reported
[11]. However, at 48h of treatment with this antagonist the CXCR4 receptor was already re-
expressed on cell membrane and its level was further increased at 72h (Fig 1C). The PC-PLC
inhibitor also induced a substantial decrease in the CXCR4 membrane expression at 24h, an
effect which persisted at 48h, while at 72h the receptor was re-expressed on membrane to a
level similar to that of untreated cells.

WB experiments on total cell lysates and the relative densitometric analyses showed that
D609 (but not Plerixafor) induced a significant decrease in the total cellular CXCR4 protein
content with a reduction of about 24% at 48h of treatment, compared to CTRL and Plerixafor-
treated U87MG cells (Fig 2).

We also observed a strong decrease of the PC-PLC localized on plasma membrane of cells
exposed to D609 (Fig 1C, red fluorescence, D609), as already reported for other cancer cell
models [15]. This effect, already evident after 24h of treatment, further increased at 48h, where
the enzyme was almost undetectable on cell membrane. At 72h of D609-treatment PC-PLC
was re-expressed on membrane, but to a lower intensity compared to both CTRL and Plerixa-
for treated cells. Interestingly, the CXCR4 antagonist was also able to down-modulate the
PC-PLC expression on U87MG cell membrane, the maximum effect being detected at 24h of
treatment (Fig 1C), thus supporting the hypothesis of a cross-talk between this phospholipase
and the receptor on the plasma membrane of these cells. Although PC-PLC expression signifi-
cantly decreased over time during cell growth in untreated U87MG cells (up to 50% =+ 0.05 at
72h), quantitative analyses of WB experiments showed that both agents were further able to
significantly reduce the PC-PLC content by 40% in D609- and 50% in Plerixafor-treated cells
at 24h as compared to the corresponding untreated controls (Fig 2).
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Fig 1. CXCR4 and PC-PLC expression on U87MG cell. A) Confocal laser scanning microscopy (CLSM)
analyses of CXCR4 (green fluorescence) and PC-PLC (red fluorescence) localization on plasma membrane
of unfixed cells. Scale bars, 18um. B) Western blot (WB) of proteins isolated from U87MG cells by
immunoprecipitation with anti-CXCR4 Ab (IP-a-CXCR4). Top panels show IP-a-CXCR4 preparations blotted
with anti-PC-PLC Ab compared to control (CTRL IgG) (left) and total cell lysate (right). *IgG heavy chains.
The bottom panels represent an a-CXCR4-IP preparation blotted with anti-CXCR4 Ab compared with CTRL
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1gG (left) and total lysate (right). C) CLSM analyses of CXCR4 (green fluorescence) and PC-PLC localization
(red fluorescence) on plasma membrane of unfixed U87MG cells following the respective treatments
(indicated on the left of the panel rows). Images represent untreated cells (CTRL) and cells exposed to either
D609 or Plerixafor at different time-points (24h, 48h, 72h). Scale bars, 16 um.

https://doi.org/10.1371/journal.pone.0176108.9001

Effects of D609 on cell growth, migration and invasion

We investigated the changes in cell growth and cell motility in response to either D609 or Pler-
ixafor treatment. U87MG cell proliferation was monitored in cells after 24h, 48h and 72h of
treatment using Trypan blue exclusion tests. These analyses reported a significant inhibitory
effect on proliferation after cell exposure to D609 (with average decreases in cell count of 37% at
24h; 46% at 48h; and 40% at 72h) compared to either untreated (CTRL) or Plerixafor-treated
cells (Fig 3A). The most significant anti-proliferative effect was observed at 48h of D609 treat-
ment. No significant cell death, detected by Trypan blue exclusion assay, was induced by either
agent at any time. Cell invasion analyses showed that D609 was able to induce a stronger inhibi-
tion of U87MG cell invasion (46%) compared with that induced by the conventional CXCR4
antagonist (38%) (Fig 3B), which proved to inhibit glioma cell motility [8,30]. Neither D609 nor
Plerixafor induced significant effects on U87MG cell migration (data not shown).

PC-PLC inhibition reduces the p-EGFR/EGFR and p-AKT/AKT
expression in U7MG cells

To further investigate the effects of D609 and Plerixafor on U87MG cells we performed WB
analyses to evaluate the expression of p-EGFR and total EGFR after 24h, 48h and 72h of
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Fig 2. Analysis of total CXCR4 and PC-PLC protein contents in U87MG cell lysates. Representative WB
of CXCR4 and PC-PLC detection in U87MG cells processed after 24h, 48h and 72h of treatment with either
D609 or Plerixafor. B-actin was used as loading control. The histograms represent the mean value + SD of
relative fold change of CXCR4 (on the left) and PC-PLC (on the right) optical density (OD) normalized to 8-
actin, obtained by densitometric analyses of WB bands (Image J software). CTRL values normalized to 1 at
each time point; n = 3 independent experiments. Statistical analyses were performed with one-way ANOVA
*** P =0.0008 (CXCR4 expression), ***P = 0.0008 (PC-PLC expression).

https://doi.org/10.1371/journal.pone.0176108.9002
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Fig 3. Effects of D609 and Plerixafor on cell proliferation, invasion and cell signaling. A) U87MG cell proliferation after 24h, 48h, 72h of
treatments with D609 or Plerixafor evaluated by cell counting using the Trypan blue excluding assay. Curves represent mean values + SD of
U87MG cell counts at different time-points (n = eight independent experiments). ® CTRL; ® (dark grey square) D6099; and 4 (light grey
triangle) Plerixafor. Statistical analyses were performed with two-tailed unpaired t Student’s test. CTRL versus D609: 24h * P = 0.05; 48h ***
P =0.0001; 72h ** P = 0.0005. B) U87MG cell invasion evaluated by transwell chamber assay using Matrigel, in response to D609 or
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Plerixafor 24h treatment. The histograms represent the percentage of the area occupied by U87MG cells. CTRL values = 100%. Mean

values + SD (n = 6). Statistical analyses were performed with one-way ANOVA. ***P = 0.0001. C) Representative WB of p-EGFR and total
EGFR expression in U87MG cells either untreated (CTRL), or treated with D609 or with Plerixafor for 24h, 48h and 72h. B-actin was used as
loading control. The histograms represent the mean values of relative fold changes of p-EGFR and EGFR optical density normalized to -
actin, obtained with densitometric analyses of the WB protein bands (Image J software). CTRL values = 1. Means + SD of n = 3 independent
experiments. Statistical analyses were performed with one-way ANOVA * P = 0.0333 (p-EGFR); * P =0.0141 (EGFR). D) Representative WB
of p-AKT and AKT expression in U87MG control cells (CTRL) and in cells treated with either D609 or Plerixafor for 24h, 48h and 72h. 3-actin
was used as loading control. Histogram represents the mean of relative fold change of p-AKT and AKT optical density normalized to 3-actin,
obtained with densitometric analyses of WB protein bands (Image J software). CTRL values = 1. Means + SD of n = 3 independent experiments.
Statistical analyses were performed with one-way ANOVA * P = 0.0230 (p-AKT); * P =0.0165 (AKT).

https://doi.org/10.1371/journal.pone.0176108.g003

treatment with these agents. The experiments showed that D609, but not Plerixafor, induced a
significant decrease (by 27%) in the level of EGFR phosphorylation in cells treated for 24h
compared with the untreated (CTRL) cells (Fig 3C). Interestingly, D609 also induced a reduc-
tion (by 28%) in the total EGFR expression level after 48h of treatment compared to CTRL and
Plerixafor-treated cells (Fig 3C). At 72h D609-treated cells had a tendency to maintain lower
levels of total EGFR in comparison with Plerixafor-treated and untreated cells. Furthermore,
WB analysis of anti-CXCR4 immunoprecipitates from total cell lysates, blotted with anti-
EGFR Ab highlighted an association between the two receptors in U87MG cells (S2 Fig).

In order to further investigate how treatments with either D609 or Plerixafor could interfere
with the CXCR4 and PC-PLC-mediated signal transduction pathways, we evaluated the
expression of two key kinases such as AKT and ERK1/2, at different times of treatment. WB
analyses showed that both D609 and Plerixafor reduced the activation of AKT at 24h, although
a more pronounced effect (about 30%) was induced by the former agent. Moreover, a reduc-
tion of about 30% was also detected in the total content of AKT in cells exposed for 48h to
D609 compared with CTRL or Plerixafor-treated cells (Fig 3D) suggesting a possible effect of
the PC-PLC inhibitor on protein synthesis. At 72h no significant changes in the expression of
p-AKT and total AKT protein expression levels could be detected.

No changes were induced on the p-ERK or total ERK protein expression levels in cells
treated with either D609 or Plerixafor at any time point (S3 Fig).

Changes in cell metabolism of U87MG glioma cells exposed to D609

It is worth noting that PC-PLC inhibition by D609 induces alterations in PC metabolism in a
variety of cancer cells [14]. In the present work we performed 'H MRS analyses on ethanolic
extracts of U87MG cells in order to evaluate the effects of treatment on cell metabolism at 24h,
48h and 72h. In particular, we focused on PC metabolism monitoring changes on total choline
(tCho) content represented by GPC plus PCho and free Cho, and on lactate levels.

MRS analyses showed a significant increase in the GPC+PCho content in D609-treated
cells compared to the corresponding control cells at each time of treatment (Fig 4A-4C) with a
significant increase of 35% at 24h and 40% at 72h (Fig 4A and 4C). The increment of GPC plus
PCho was entirely due to an increase of GPC, as shown in S4 and S5 Figs (in particular signifi-
cant 35% increase at 24h and 38% increase at 72h). No significant changes were found in Pler-
ixafor-treated cells (Fig 4A-4C).

Moreover, MRS analysis showed that D609 treatment induced also a significant decrease in
the lactate concentration (Lac) at 24h and 72h of D609 exposure (35% and 25% respectively)
(Fig 4A and 4C) suggesting that PC-PLC inhibition may interfere with glycolysis in U87MG
cells.

To better understand the effects of D609 on U87MG cells lactate flux, measurements of
extracellular and intracellular Lac and Lactate dehydrogenase (LDH) activity were performed.
These analyses confirmed a significant reduction of intracellular Lac induced by D609 (Fig
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Fig 4. Effects of treatments on U87MG cell metabolism. The histograms represent the means + SD of
percentage values obtained from quantitative "THMRS analysis of each metabolite/percentage of total

PLOS ONE | https://doi.org/10.1371/journal.pone.0176108  April 19, 2017


https://doi.org/10.1371/journal.pone.0176108

@° PLOS | ONE

PC-PLC inhibition down-regulates CXCR4 in glioma cells

metabolites content in U87MG untreated (CTRL), treated with D609 or Plerixafor at 24h (A), 48h (B), 72h (C)
of treatment. Metabolites reported are the compounds that mainly contribute to the U87MG metabolic profile:
Gly, glycine; GPC+PCho, glycerophosphocholine+phosphocholine; Cho, choline; tCr, total creatine (creatine
+phosphocreatine); Glu, glutamate; Ala, alanine; Lac, Lactate. Total metabolites = 100%. Means + SD of n =3
independent experiments. Statistical analyses were performed with two-tailed unpaired t Student’s test. CTRL
versus D609: 24h GPC+PCho **P = 0.0096, Lac *P = 0.0170; 72h GPC+PCho *P = 0.0286, Lac *P = 0.047.

https://doi.org/10.1371/journal.pone.0176108.g004

5A). LDH activity was reduced at each time point of D609 treatment with a significant effect at
72h (40% reduction) (Fig 5B). No changes were instead found in the levels of extracellular lac-
tate in cultures of D609-treated cells (Fig 5C).

Discussion

The CXCR4/CXCL12 molecular axis is involved in numerous responses that drive glioma pro-
gression, such as tumor cell proliferation, survival, angiogenesis, invasion and migration [31,
8,32, 33, 34]. Furthermore, we recently investigated the role of CXCR4 in glioma-microenvi-
ronment interactions and demonstrated that reducing CXCR4 expression in human U87MG
cells promoted M1 features in microglia/macrophages recruited to the tumor area, creating an
environment potentially less favorable for tumor growth [11].

The present study highlights for the first time the existence of an interplay between the che-
mokine receptor CXCR4 and the PC-PLC enzyme in U87MG human GBM cells. PC-PLC s a
catabolic enzyme of the PC cycle, involved in numerous aspects of tumor biology with links to
cell signaling and cell membrane receptors status. We reported that PC-PLC inactivation
results in the downregulation of some membrane receptors involved in the tumor progression
of cancer cells [15, 16, 19, 20].

In the present work we show that PC-PLC co-localizes with the CXCR4 receptor on the
plasma membrane of U87MG cells and that these two proteins are co-immunoprecipitated by
the respective antibodies. PC-PLC inhibition by D609 down-modulates CXCR4 expression
from cell plasma membrane as the well-known CXCR4 antagonist, but the PC-PLC inhibitor
is also able to decrease the CXCR4 total protein content [35, 11]. Interestingly, Plerixafor treat-
ment also reduced PC-PLC expression from the U87MG plasma membrane along with the
total amount of PC-PLC protein further supporting our data on the existence of an interaction
between the two proteins. Furthermore, it is important to note that PC-PLC expression de-
creases over time in untreated control U87MG cells during the growth curve. As suggested by
Fu et al 2009, the expression level and activities of PC-PLC could change in a cell-cycle-depen-
dent manner and were inversely correlated with the expression of Cdc20 [36]. Thus, the basal
decrease of PC-PLC content that we observed in our experimental conditions, could be modu-
lated by an intrinsic intracellular machinery responsible for protein turnover, able to guarantee
proliferation signaling pathways in these cells.

D609 also caused a strong reduction in U87MG cell invasion potential (down to 60% of
control value) and decreased cell proliferation, an effect associated with a reduction in the
expression levels of both phosphorylated and total AKT. WB analyses showed that D609 as
well as Plerixafor did not induce any effect on ERK expression and activation in U87MG at
any analyzed time point. It is worth noting that AKT and ERK1/2 activation by CXCR4 could
be independent pathways. In fact, Peng and co-workers demonstrated that AKT activation
by CXCR4, did not require ERK1/2 activation in HeLa cells [37]. By using specific inhibitors
of p-AKT/AKT and p-ERK/ERK axis the authors observed that CXCR4-activated migration
is mediated by AKT but not by ERK. Thus, we hypothesized that the motility reduction we
observed in U87MG cells was associated to CXCR4 inactivation by both inhibitors likely medi-
ated by p-AKT/AKT axis. On the other hand, the specific inhibition of CXCR4 by Plerixafor

PLOS ONE | https://doi.org/10.1371/journal.pone.0176108  April 19, 2017 12/19


https://doi.org/10.1371/journal.pone.0176108.g004
https://doi.org/10.1371/journal.pone.0176108

@' PLOS | ONE

PC-PLC inhibition down-regulates CXCR4 in glioma cells

- 24h 48h 72h
o
©
- |
L
S 100
_: S L
S
w-
J_é’ = CTRL
2 = 0609
0- . - - . 3 Plerafor
v QQ \0‘ \g QQ \0‘ g Qe’ \o‘
& LS & &S &
Q* Q® Q®
24h 48h 72h
150+
o
@©
-
-
)
=
°
o
S
X mm CTRL
°\o = 0609
. €3 Plerixafor
o
S &
&
Qe
R 24h 48h 72h
g‘ 1004
°
<
™
S
2 &
== CTRL
= D609
3 Plerixafor

Fig 5. Lactate and LDH measurements in U87MG cells. A) Histogram represents mean values of
percentage of intracellular Lac concentration in U87MG obtained colorimetric assay after 24h, 48h, 72h of
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treatments. Mean value + SD of n = 3 independent experiments. Statistical analyses were performed using
one-way ANOVA. ***P =(0.0003. B) Histogram represents mean + SD of percentage values (n =3
independent experiments) of LDH intracellular activity measured by colorimetric assay at different treatment
time-points (24h, 48h, 72h). Statistical analyses were performed using one-way ANOVA. ***P = 0.0006;
unpaired two-tailed Student-t test CTRL 72h VS D609 72h P = 0.004. C) Histogram represents mean + SD of
percentage values of Lac extracellular concentration measured by a colorimetric assay on U87MG-
conditioned medium in response to treatments (24h-48h-72h) (n = 3 independent experiments). All values
were normalized for ug of proteins. CTRL values = 100%.

https://doi.org/10.1371/journal.pone.0176108.g005

did not affect U87MG cell proliferation, and did not interfere with ERK 1/2 activation, while
the inhibition of U87MG cell proliferation by D609 could be partly mediated by p-AKT/AKT
axis and other molecular mechanisms, such as inhibition of EGFR activation.

Indeed, we found that the PC-PLC inhibitor was able to down-regulate EGFR and p-EGFR
expression. In this context, a previous study by our group [16], focused on HER2 over-express-
ing breast cancer cells, showed that PC-PLC physically associated with both HER2 and EGFR
receptors and its inhibition resulted in a decrease in the overall cellular contents of EGFR,
HER2 and HER3 receptors. The down-modulation of both p-EGFR and total EGFR total con-
tents by D609 were also observed in human squamous carcinoma cell lines [19]. These results
could be explained by the possible role of D609 as a stress-inducer able to elicit ligand-inde-
pendent EGFR internalization [38], thus reducing the constitutive expression of the receptor
and, likely, to stimulate its degradation. In the present work we showed that in U87MG cells
CXCR4-immunoprecipitated proteins were associated with the EGER receptor, suggesting
that the effects observed on EGFR could be linked to the CXCR4-PC-PLC interactions.
CXCR4 has been described to transactivate EGFR in breast cancer cells [39] and in ovarian
cancer cells in which it leads to both mitogen-activated protein kinase and AKT activation
[40]. Our results suggest a possible cross-talk between PC-PLC/CXCR4/EGFR-driven intracel-
lular pathways, in which the PC-PLC protein could act as a molecular adapter link between
the two receptors. Thus, the inhibitory effect of D609 on EGFR activation and expression
could be associated with the concomitant down-modulation of PC-PLC expression observed
in response to D609.

Indeed our previous studies on breast and ovarian cancer cells [16, 20] showed that a physi-
cal interaction between an activated PC-PLC enzyme and growth factor receptors, detected by
co-immunoprecipitation assays, is crucial to the functional localization of these receptors on
plasma membrane [20]. We hypothesize that inhibition of PC-PLC activity can both perturb
the phospholipid bilayer and alter key protein-lipid interactions, either by altering the local
diacylglycerol (DAG) concentration and/or by interfering with the DAG/phosphatidic acid
balance, which is involved in recruiting cytosolic proteins to the membrane and growth signal-
ing potentiation [41]. Furthermore DAG, the substrate of the DAG-Kinase (DAGK) reaction,
is a key intracellular signaling factor that activates PKCs and Ras guanyl nucleotide-releasing
proteins.

A key message of the present study is that inhibition of PC-PLC by D609 also downmodu-
lates CXCR4, EGFR expression and downstream signaling pathways responsible for cell
growth and cell motility in our experimental glioma cells.

Further studies are however needed to identify the molecular domains responsible for
PC-PLC/CXCR4/EGEFR interactions and the mechanisms involved in D609 effects on EGFR
and CXCR4 receptors.

Moreover, interestingly, we observed alterations in U87MG cell metabolism in response to
D609. It is well known that cancer cells can reprogram their overall metabolism to facilitate
cell growth and survival, through alterations in glucose, glutamine and lipid metabolism [42,
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43]. In particular, an increased glucose uptake, low mitochondrial respiration and high aerobic
glycolysis, well known as Warburg effect [44], have been reported as the most common meta-
bolic remodeling in tumor cells, including glioma [45-47]. Our experimental model, the
U87MG cells, have been described to have a high glycolytic activity, which represents the main
part of the total U87MG basal bioenergetic metabolism, contributing to 70% of the total ATP
pool [48-50]. Our analysis on MRS metabolic profiles and biochemical assays on U87MG cells
highlighted a reduction in intracellular lactate concentration upon D609 treatment together
with a decrease in LDH activity, the enzyme that catalyzes the conversion of pyruvate to lac-
tate, suggesting that PC-PLC inhibition hampers with glioma cells glycolysis interfering with
the metabolic properties advantageous for GBM progression.

The PI3K pathway has been described in several studies to regulate glucose metabolism in
cancer [51, 52], thus our findings on inhibitory effects on CXCR4 expression and EGFR activa-
tion/expression could be involved in the reduction of glycolytic flux by the inhibition of PI3K/
AKT axis.

We also observed in D609-treated U87MG cells an increase of tCho signal, in particular we
found a significant increment of GPC, which represents 80% of tCho in the U87MG basal cell
line, as shown in S4 Fig (panel A). The elevated levels of tCho in response to PC-PLC inhibi-
tion may be linked to the activation of lipases and phospholipases in response to the treatment
that can induce an accumulation of neutral lipids associated with the observed anti-prolifer-
ative effect [53].

Further investigations are warranted to better elucidate the mechanisms that underlie
PC-PLC/CXCR4 interactions and the metabolic alterations induced by PC-PLC inhibition.

The here reported experimental evidence on the multiple effects exerted by PC-PLC inhibi-
tion on CXCR4 expression, signaling and cell metabolism in the human U87MG cells suggests
that targeting the PC-PLC enzyme could represent a potential novel strategy for GBM treat-
ment which could contribute to counteract tumor growth and progression by interacting with
crucial components of glioma biology such as CXCR4 and EGFR receptors and their down-
stream effectors.

Supporting information

S1 Fig. Cytostatic effect of D609 on in vitro cultured U87MG cells. Inhibition of cell prolif-
eration induced by the PC-PLC inhibitor D609 (10.0-300.0 M) on cells treated for 48h. Cell
viability, determined using the MTT test (see Materials and Methods) were quantified as per-
centages of the number of cells in untreated controls at t = 0. The values at each concentration
represent the mean (£ SD) of 3 independent series of assays. EC50 value = 100 uM.

(TIF)

$2 Fig. Immunoprecipitation of CXCR4 with EGFR from U87MG cells. Western blot (WB)
assays of proteins isolated from U87MG cells by immunoprecipitation with anti-CXCR4 Ab
(IP-0-CXCR4) and blotted with anti-CXCR4 (45 kDa), anti-EGFR (177 kDa) or control IgG
heavy chains (*). Right panel represents EGFR and CXCR4 expression in total cell lysate. The
central panel shows IP-o-CXCR4blotted with o-EGFR compared to control (CTR IgG) (left
panel). “IgG heavy chains.

(TIF)

S3 Fig. Effects of treatment on p-ERK and total ERK expression. Representative WB p-ERK
and ERK detection in U87MG at 24h, 48h and 72h of treatment with either D609 or Plerixafor.
B-actin was used as loading control. The histograms represent the mean values (+ SD) of the
relative fold changes in p-ERK and total ERK optical density normalized to B-actin, obtained
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by densitometric analyses of the respective WB protein bands (Image J software). CTRL val-
ues = 1. Data were obtained from n = 3 independent experiments.
(TIF)

$4 Fig. Quantification of total choline containing metabolites in US87MG cells. A) Repre-
sentative 'H MR spectrum (700 MHz) of aqueous extracts of untreated U87MG cells. Peak
assignments: tCr, total creatine (creatine plus phosphocreatine); glx, glutamate plus glutamine;
ac, acetate; ala, alanine; lac, lactate; tCho, “total choline-containing compounds”; internal ref-
erence signal TSP, trimethylsilylpropanoic acid, a chemical compound containing a trimethyl-
silyl group, used as reference for aqueous solvents. Expanded "H MRS profiles of tCho region
in aqueous extracts (and peak assignment in dashed line) in untreated U87MG cells. Peak
assignments: Cho, choline; GPC, glycerophosphocholine; PCho, phosphocholine. The histo-
gram represents percentage of quantitative 'HMRS-detected GPC, PCho or Cho contents
versus the total amount of total choline (tCho = GPC+PCho+Cho) in the U87MG basal meta-
bolic profile. tCho = 100%. Means + SD of n = 3 independent determinations. B) Histograms
represent means + SD of percentage values obtained from quantitative "HMRS analysis of the
tCho resonance band (GPC, PCho and Cho signals) represented as metabolite/percentage of
total metabolites in U87MG untreated (CTRL), D609- or Plerixafor-treated cells analyzed at
24h, 48h, 72h of treatment. Total metabolites = 100%. Means + SD of n = 2 independent exper-
iments.

(TIF)

S5 Fig. Effects of D609 on 'H MRS profile in US87MG cells. A) Representative '"H MR spectra
(400 MHz) of aqueous extracts of 48h of treatment of D609- and untreated control U87MG
cells. Peak assignments: tCr, total creatine (creatine plus phosphocreatine); glx, glutamate plus
glutamine; ac, acetate; ala, alanine; lac, lactate; tCho, “total choline-containing compounds”.
(TIF)

Acknowledgments

The authors gratefully acknowledge Dr. Agnese Molinari for helpful suggestions and valuable
support for cell migration and invasion analysis.

Author Contributions

Conceptualization: EI G. Carpinelli.

Funding acquisition: G. Carpinelli EL

Investigation: LM SC AR AP GB G. Cigliana.

Project administration: G. Carpinelli EIL

Resources: SC G. Cigliana EI G. Carpinelli.

Supervision: FP EI G. Carpinelli.

Validation: LM SC AR AP GB G. Cigliana FP EI G. Carpinelli.
Visualization: LM SC AR AP GB G. Cigliana FP EI G. Carpinelli.
Writing - original draft: LM SC.

Writing - review & editing: LM SC EI G. Carpinelli FP.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176108  April 19, 2017 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176108.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176108.s005
https://doi.org/10.1371/journal.pone.0176108

@° PLOS | ONE

PC-PLC inhibition down-regulates CXCR4 in glioma cells

References

1.

10.

11.

12
13.

14.

15.

16.

17.

18.

19.

20.

Omuro A, De Angelis LM. Glioblastoma and other malignant gliomas: a clinical review. JAMA. 2013;
310(17):1842-50. https://doi.org/10.1001/jama.2013.280319 PMID: 24193082

Epstein RJ. The CXCL12—CXCR4 chemotactic pathway as a target of adjuvant breast cancer thera-
pies. Nat Rev Cancer. 2004; 4(11):901-909, https://doi.org/10.1038/nrc1473 PMID: 15516962

Burger JA, Kipps TJ. CXCR4: a key receptor in the crosstalk between tumor cells and their microenvi-
ronment. Blood. 2006; 107:1761-7. https://doi.org/10.1182/blood-2005-08-3182 PMID: 16269611

Scala S. Molecular Pathways: Targeting the CXCR4-CXCL12 Axis-Untapped Potential in the Tumor
Microenvironment. Anticancer Res. 2015; 21:4278-85.

Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clin Cancer Res. 2010;
16:2927-31. https://doi.org/10.1158/1078-0432.CCR-09-2329 PMID: 20484021

Muiller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME,et al. Involvement of chemokine receptors
in breast cancer metastasis. Nature. 2001; 410:50-6. https://doi.org/10.1038/35065016 PMID:
11242036

Gagliardi F, Narayanan A, Reni M, Franzin A, Mazza E, Boari N. et al. The role of CXCR4 in highly
malignant human gliomas biology: current knowledge and future directions. Glia. 2014; 62:1015-23.
https://doi.org/10.1002/glia.22669 PMID: 24715652

Rubin JB, Kung AL, Klein RS, Chan JA, Sun 'Y, Schmidt K, et al A small-molecule 558 antagonist of
CXCR4 inhibits intracranial growth of primary brain tumors. Proc Natl Acad Sci U S A. 2003;
100:13513-18. https://doi.org/10.1073/pnas.2235846100 PMID: 14595012

Redjal N, Chan JA, Segal RA, Kung AL. CXCR4 inhibition synergizes with cytotoxic chemotherapy in
gliomas. Clin Cancer Res. 2006; 12:6765—71. hitps://doi.org/10.1158/1078-0432.CCR-06-1372 PMID:
17121897

Tseng D, Vasquez-Medrano DA, Brown JM. Targeting SDF-1/CXCR4 to inhibit tumour vasculature for
treatment of glioblastomas. Br. J. Cancer. 2011; 104:1805-09. https://doi.org/10.1038/bjc.2011.169
PMID: 21587260

Mercurio L, Ajmone-Cat MA, Cecchetti S, Ricci A, Bozzuto G, Molinari A, et al. Targeting CXCR4 by a
selective peptide antagonist modulates tumor microenvironment and microglia reactivity in a human
glioblastoma model. J Exp Clin Cancer Res. 2016; 35:55 https://doi.org/10.1186/s13046-016-0326-y
PMID: 27015814

Podo F Tumour phospholipid metabolism. NMR Biomed. 1999; 12:413—439. PMID: 10654290

lorio E, Mezzanzanica D, Alberti P, Spadaro F, Ramoni C, D’Ascenzo S, et al. Alterations of choline
phospholipid metabolism in ovarian tumor progression. Cancer Res. 2005; 65:9369—-9376. https://doi.
org/10.1158/0008-5472.CAN-05-1146 PMID: 16230400

lorio E, Ricci A, Bagnoli M, Pisanu ME, Castellano G, Di Vito M, et al. Activation of phosphatidylcholine
cycle enzymes in human epithelial ovarian cancer cells. Cancer Res. 2010; 70:2126-35. https://doi.
org/10.1158/0008-5472.CAN-09-3833 PMID: 20179205

Spadaro F, Ramoni C, Mezzanzanica D, Miotti S, Alberti P, Cecchetti S, et al. Phosphatidylcholine-spe-
cific phospholipase C activation in epithelial ovarian cancer cells. Cancer Res. 2008; 68:6541-6549.
https://doi.org/10.1158/0008-5472.CAN-07-6763 PMID: 18701477

Paris L, Cecchetti S, Spadaro F, Abalsamo L, Lugini L, Pisanu ME, et al. Inhibition of phosphatidylcho-
line-specific phospholipase C downregulates HER2 overexpression on plasma membrane of breast
cancer cells. Breast Cancer Res. 2010; 12:R27. https://doi.org/10.1186/bcr2575 PMID: 20462431

Podo F, Canevari S, Canese R, Pisanu ME, Ricci A, lorio E. MR evaluation of response to targeted
treatment in cancer cells. NMR Biomed. 2011; 24:648-72. https://doi.org/10.1002/nbm.1658 PMID:
21387442

Abalsamo L, Spadaro F, Bozzuto G, Paris L, Cecchetti S, Lugini L, et al. Inhibition of phosphatidylcho-
line-specific phospholipase C results in loss of mesenchymal traits in metastatic breast cancer cells.
Breast Cancer Res. 2012; 14:R50. https://doi.org/10.1186/bcr3151 PMID: 22429397

Cecchetti S, Bortolomai |, Ferri R, Mercurio L, Canevari S, Podo F, et al. Inhibition of Phosphatidylcho-
line-Specific Phospholipase C Interferes with Proliferation and Survival of Tumor Initiating Cells in Squa-
mous Cell Carcinoma. PLoS One. 2015; 10:e0136120. https://doi.org/10.1371/journal.pone.0136120
PMID: 26402860

Podo F, Paris L, Cecchetti S, Spadaro F, Abalsamo L, Ramoni C, et al. Activation of Phosphatidylcho-
line-Specific Phospholipase C in Breast and Ovarian Cancer: Impact on MRS-Detected Choline Meta-
bolic Profile and Perspectives for Targeted Therapy. Front Oncol. 2016; 6: 171. https://doi.org/10.3389/
fonc.2016.00171 PMID: 27532027

PLOS ONE | https://doi.org/10.1371/journal.pone.0176108  April 19, 2017 17/19


https://doi.org/10.1001/jama.2013.280319
http://www.ncbi.nlm.nih.gov/pubmed/24193082
https://doi.org/10.1038/nrc1473
http://www.ncbi.nlm.nih.gov/pubmed/15516962
https://doi.org/10.1182/blood-2005-08-3182
http://www.ncbi.nlm.nih.gov/pubmed/16269611
https://doi.org/10.1158/1078-0432.CCR-09-2329
http://www.ncbi.nlm.nih.gov/pubmed/20484021
https://doi.org/10.1038/35065016
http://www.ncbi.nlm.nih.gov/pubmed/11242036
https://doi.org/10.1002/glia.22669
http://www.ncbi.nlm.nih.gov/pubmed/24715652
https://doi.org/10.1073/pnas.2235846100
http://www.ncbi.nlm.nih.gov/pubmed/14595012
https://doi.org/10.1158/1078-0432.CCR-06-1372
http://www.ncbi.nlm.nih.gov/pubmed/17121897
https://doi.org/10.1038/bjc.2011.169
http://www.ncbi.nlm.nih.gov/pubmed/21587260
https://doi.org/10.1186/s13046-016-0326-y
http://www.ncbi.nlm.nih.gov/pubmed/27015814
http://www.ncbi.nlm.nih.gov/pubmed/10654290
https://doi.org/10.1158/0008-5472.CAN-05-1146
https://doi.org/10.1158/0008-5472.CAN-05-1146
http://www.ncbi.nlm.nih.gov/pubmed/16230400
https://doi.org/10.1158/0008-5472.CAN-09-3833
https://doi.org/10.1158/0008-5472.CAN-09-3833
http://www.ncbi.nlm.nih.gov/pubmed/20179205
https://doi.org/10.1158/0008-5472.CAN-07-6763
http://www.ncbi.nlm.nih.gov/pubmed/18701477
https://doi.org/10.1186/bcr2575
http://www.ncbi.nlm.nih.gov/pubmed/20462431
https://doi.org/10.1002/nbm.1658
http://www.ncbi.nlm.nih.gov/pubmed/21387442
https://doi.org/10.1186/bcr3151
http://www.ncbi.nlm.nih.gov/pubmed/22429397
https://doi.org/10.1371/journal.pone.0136120
http://www.ncbi.nlm.nih.gov/pubmed/26402860
https://doi.org/10.3389/fonc.2016.00171
https://doi.org/10.3389/fonc.2016.00171
http://www.ncbi.nlm.nih.gov/pubmed/27532027
https://doi.org/10.1371/journal.pone.0176108

@° PLOS | ONE

PC-PLC inhibition down-regulates CXCR4 in glioma cells

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Adibhatla RM, Hatcher JF, Gusain A.) Tricyclodecan-9-yl-xanthogenate (D609)mechanism of actions:
A Mini-review of literature. Neurochem Res. 2012; 37: 671-679. https://doi.org/10.1007/s11064-011-
0659-z PMID: 22101393

Clark MA, Shorr RG, Bomalaski JS Antibodies prepared to Bacillus cereus phospholipases C cross
react with a phosphatidylcholine preferring phospholipases C in mammalian cells. Biochem Biophys
Res Commun. 1986; 140:114-119. PMID: 3096314

Podo F, Ferretti A, Knijn A, Zhang P, Ramoni C, Barletta B, et al. Detection of phosphatidylcholine-spe-
cific phospholipase C in NIH-3T3 fibroblasts and their H-ras transformants: NMR and immunochemical
studies. Anticancer Res. 1996; 16:1399—-1412. PMID: 8694508

Ramoni C, Spadaro F, Barletta B, Dupuis ML, Podo F. Phosphatidylcholine-specific phospholipase C in
mitogen-stimulated fibroblasts. Exp Cell Res. 2004; 299:370-372. https://doi.org/10.1016/j.yexcr.2004.
05.037 PMID: 15350536

Pisanu ME, Ricci A, Paris L, Surrentino E, Liliac L, Bagnoli M, et al. Monitoring response to cytostatic
cisplatin in a HER2(+) ovary cancer model by MRI and in vitro and in vivo MR spectroscopy. Br J Cancer
2014; 110:625-35, https://doi.org/10.1038/bjc.2013.758 PMID: 24335926

Albini A, lwamoto Y, Kleinman HK, Martin GR, Aaronson SA, Kozlowski JM, McEwan RN. A rapid in
vitro assay for quantitating the invasive potential of tumor cells. Cancer Res 1987; 47:3239—45. PMID:
2438036

Cecchetti S, Spadaro F, Lugini L, Podo F, Ramoni C. Functional role of phosphatidylcholine-specific
phospholipase C in regulating CD16 membrane expression in natural killer cells. Eur J Immunol. 2007;
37:2912-2922. https://doi.org/10.1002/€ji.200737266 PMID: 17899539

lorio E, Ricci A, Pisanu ME, Bagnoli M, Podo F, Canevari S. Choline metabolic profiling by magnetic res-
onance spectroscopy. Methods Mol Biol. 2013; 1049:255-70. https://doi.org/10.1007/978-1-62703-
547-7_19 PMID: 23913222

Canese R, lorio E, Ricci A, Pisanu ME, Giannini M, Podo F. Metabolite quantification in tumours by
magnetic resonance spectroscopy: objectives, results and perspectives. Current medical imaging
reviews. 2009; 5(2):110-127.

Hong X, Jiang F, Kalkanis SN, Zhang ZG, Zhang XP, DeCarvalho AC, et al. SDF-1 and CXCR4 are up-
regulated by VEGF and contribute to glioma cell invasion. Cancer Lett. 2006; 236:39—45. https://doi.
org/10.1016/j.canlet.2005.05.011 PMID: 15967572

Zhou Y, Larsen PH, Hao C, Yong VW. CXCR4 is a major chemokine receptor on glioma cells and medi-
ates their survival. J Biol Chem. 2002; 277:49481-87. https://doi.org/10.1074/jbc.M206222200 PMID:
12388552

Zhang J, Sarkar S, Yong VW. The chemokine stromal cell derived factor-1 (CXCL12) promotes glioma
invasiveness through MT2-matrix metalloproteinase. Carcinogenesis. 2005; 12:2069-77.

Ehtesham M, Winston JA, Kabos P, Thompson RC. CXCR4 expression mediates glioma cell invasive-
ness. Oncogene. 2006; 25:2801-6. https://doi.org/10.1038/sj.onc.1209302 PMID: 16407848

Ali MM, Kumar S, Shankar A, Varma NR, Iskander AS, Janic B, et al. Effects of tyrosine kinase inhibitors
and CXCR4 antagonist on tumor growth and angiogenesis in rat glioma model: MRI and protein analy-
sis study. Transl Oncol. 2013; 6:660-9. PMID: 24466368

Spinello |, Quaranta MT, Riccioni R, Riti V, Pasquini L, et al. MicroRNA-146a and AMD3100, two ways
to control CXCR4 expression in acute myeloid leukemias. Blood Cancer J. 2001; 1:e26.

FuD,MaY,WuW, Zhu X, Jia C, Zhao Q, Zhang C, Wu XZ. Cell-cycle-dependent PC-PLC regulation
by APC/C(Cdc20)-mediated ubiquitin-proteasome pathway. J Cell Biochem. 2009; 1; 107(4):686—96.
https://doi.org/10.1002/jcb.22163 PMID: 19347873

Peng SB, Peek V, Zhai Y, Paul DC, Lou Q, Xia X, Eessalu T, Kohn W, Tang S. Akt activation, but not
extracellular signal-regulated kinase activation, is required for SDF-1alpha/CXCR4-mediated migration
of epitheloid carcinoma cells. Mol Cancer Res. 2005; 3(4):227-36. https://doi.org/10.1158/1541-7786.
MCR-04-0193 PMID: 15831676

Cichocki M, Szaefer H, Krajka-Kuz niak V, Baer-Dubowska W. The effect of resveratrol and its
methylthio-derivatives on EGFR and Stat3 activation in human HaCaT and A431 cells. Mol Cell Bio-
chem. 2014; 396: 221-228. https://doi.org/10.1007/s11010-014-2157-5 PMID: 25063218

Cabioglu N, Summy J, Miller C, Parikh NU, Sahin AA, Tuzlali S, et al. CXCL-12/stromal cell-derived fac-
tor-1a transactivates HER2-neu in breast cancer cells by a novel pathway involving Src kinase activa-
tion. Cancer Res. 2005; 65:6493-7. https://doi.org/10.1158/0008-5472.CAN-04-1303 PMID:
16061624

Porcile C, Bajetto A, Barbieri F, Barbero S, Bonavia R, Biglieri M, et al. Stromal cell-derived factor-1a
(SDF-1a/CXCL12) stimulates ovarian cancer cell growth through the EGF receptor transactivation. Exp
Cell Res 2005; 308:241-53. https://doi.org/10.1016/j.yexcr.2005.04.024 PMID: 15921680

PLOS ONE | https://doi.org/10.1371/journal.pone.0176108  April 19, 2017 18/19


https://doi.org/10.1007/s11064-011-0659-z
https://doi.org/10.1007/s11064-011-0659-z
http://www.ncbi.nlm.nih.gov/pubmed/22101393
http://www.ncbi.nlm.nih.gov/pubmed/3096314
http://www.ncbi.nlm.nih.gov/pubmed/8694508
https://doi.org/10.1016/j.yexcr.2004.05.037
https://doi.org/10.1016/j.yexcr.2004.05.037
http://www.ncbi.nlm.nih.gov/pubmed/15350536
https://doi.org/10.1038/bjc.2013.758
http://www.ncbi.nlm.nih.gov/pubmed/24335926
http://www.ncbi.nlm.nih.gov/pubmed/2438036
https://doi.org/10.1002/eji.200737266
http://www.ncbi.nlm.nih.gov/pubmed/17899539
https://doi.org/10.1007/978-1-62703-547-7_19
https://doi.org/10.1007/978-1-62703-547-7_19
http://www.ncbi.nlm.nih.gov/pubmed/23913222
https://doi.org/10.1016/j.canlet.2005.05.011
https://doi.org/10.1016/j.canlet.2005.05.011
http://www.ncbi.nlm.nih.gov/pubmed/15967572
https://doi.org/10.1074/jbc.M206222200
http://www.ncbi.nlm.nih.gov/pubmed/12388552
https://doi.org/10.1038/sj.onc.1209302
http://www.ncbi.nlm.nih.gov/pubmed/16407848
http://www.ncbi.nlm.nih.gov/pubmed/24466368
https://doi.org/10.1002/jcb.22163
http://www.ncbi.nlm.nih.gov/pubmed/19347873
https://doi.org/10.1158/1541-7786.MCR-04-0193
https://doi.org/10.1158/1541-7786.MCR-04-0193
http://www.ncbi.nlm.nih.gov/pubmed/15831676
https://doi.org/10.1007/s11010-014-2157-5
http://www.ncbi.nlm.nih.gov/pubmed/25063218
https://doi.org/10.1158/0008-5472.CAN-04-1303
http://www.ncbi.nlm.nih.gov/pubmed/16061624
https://doi.org/10.1016/j.yexcr.2005.04.024
http://www.ncbi.nlm.nih.gov/pubmed/15921680
https://doi.org/10.1371/journal.pone.0176108

@° PLOS | ONE

PC-PLC inhibition down-regulates CXCR4 in glioma cells

41.

42,

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

Cipriano R, Miskimen KL, Bryson BL, Foy CR, Bartel CA, Jackson MW. FAM83B-mediated activation of
PI3K/AKT and MAPK signaling cooperates to promote epithelial cell transformation and resistance to
targeted therapies. Oncotarget. 2013; 4(5):729-38. https://doi.org/10.18632/oncotarget. 1027 PMID:
23676467

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat. Rev. Cancer. 2011; 11: 85—
95. https://doi.org/10.1038/nrc2981 PMID: 21258394

Dang CV. Links between metabolism and cancer. Genes Dev. 2012; 26: 877-890. https://doi.org/10.
1101/gad.189365.112 PMID: 22549953

Warburg O. On respiratory impairment in cancer cells. Science. 1956; 124:269-70. PMID: 13351639

Vander Heiden MG, Cantley LC and Thompson CB. Understanding the Warburg Effect: The Metabolic
Requirements of Cell Proliferation. Science. 2009; 324: 1029-1033. https://doi.org/10.1126/science.
1160809 PMID: 19460998

Wu W, Zhao S. Metabolic changes in cancer: beyond the Warburg effect. Acta Biochim Biophys Sin
(Shanghai). 2013; 45:18-26.

Agnihotri S, Zadeh G. Metabolic reprogramming in glioblastoma: the influence of cancer metabolism on
epigenetics and unanswered questions. Neuro Oncol. 2016; 18:160-72, https://doi.org/10.1093/
neuonc/nov125 PMID: 26180081

Rinaudo M, Mercurio L, Zulato E, Cecchetti S, Carpinelli G, Indraccolo S. et al. Cross talk between bioe-
nergetic and phosphatidylcholine metabolism in human glioma cells. (EACR-AACR-SIC, Florence
2015). EAS 2015, P252 p85.

Sesen J, Dahan P, Scotland SJ, Saland E, Dang VT, Lemarié A, et al. Metformin inhibits growth of
human glioblastoma cells and enhances therapeutic response. PLoS One. 2015; 10:e0123721. https://
doi.org/10.1371/journal.pone.0123721 PMID: 25867026

Hao W, Chang CP, Tsao CC, Xu J. Oligomycin-induced bioenergetic adaptation in cancer cells with het-
erogeneous bioenergetic organization. J Biol Chem. 2010; 285:12647-54. https://doi.org/10.1074/jbc.
M109.084194 PMID: 20110356

Elstrom RL, Bauer DE, Buzzai M, Karnauskas R, Harris MH, Plas DR, et al. Akt stimulates aerobic gly-
colysis in cancer cells. Cancer Res. 2004; 64:3892-9. https://doi.org/10.1158/0008-5472.CAN-03-
2904 PMID: 15172999

Hu H, Juvekar A, Lyssiotis CA, Lien EC, Albeck JG, Oh D, et al. Phosphoinositide 3-Kinase Regulates
Glycolysis through Mobilization of Aldolase from the Actin Cytoskeleton. Cell. 2015; 164:433—46.

Di Vito M, Lenti L, Knijn A, lorio E, D’Agostino F, Molinari A, et al. 1H NMR-visible mobile lipid domains
correlate with cytoplasmic lipid bodies in apoptotic T-lymphoblastoid cells. Biochim Biophys Acta. 2001;
1530:47-66. PMID: 11341958

PLOS ONE | https://doi.org/10.1371/journal.pone.0176108  April 19, 2017 19/19


https://doi.org/10.18632/oncotarget.1027
http://www.ncbi.nlm.nih.gov/pubmed/23676467
https://doi.org/10.1038/nrc2981
http://www.ncbi.nlm.nih.gov/pubmed/21258394
https://doi.org/10.1101/gad.189365.112
https://doi.org/10.1101/gad.189365.112
http://www.ncbi.nlm.nih.gov/pubmed/22549953
http://www.ncbi.nlm.nih.gov/pubmed/13351639
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
https://doi.org/10.1093/neuonc/nov125
https://doi.org/10.1093/neuonc/nov125
http://www.ncbi.nlm.nih.gov/pubmed/26180081
https://doi.org/10.1371/journal.pone.0123721
https://doi.org/10.1371/journal.pone.0123721
http://www.ncbi.nlm.nih.gov/pubmed/25867026
https://doi.org/10.1074/jbc.M109.084194
https://doi.org/10.1074/jbc.M109.084194
http://www.ncbi.nlm.nih.gov/pubmed/20110356
https://doi.org/10.1158/0008-5472.CAN-03-2904
https://doi.org/10.1158/0008-5472.CAN-03-2904
http://www.ncbi.nlm.nih.gov/pubmed/15172999
http://www.ncbi.nlm.nih.gov/pubmed/11341958
https://doi.org/10.1371/journal.pone.0176108

