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Abstract: Mast cells (MCs) are the main participants in the control of immune reactions associated
with inflammation, allergies, defense against pathogens, and tumor growth. Bioactive lipids are
lipophilic compounds able to modulate MC activation. Here, we explored some of the effects of
the bioactive lipid lysophosphatidylinositol (LPI) on MCs. Utilizing murine bone marrow-derived
mast cells (BMMCs), we found that LPI did not cause degranulation, but slightly increased FcεRI-
dependent β-hexosaminidase release. However, LPI induced strong chemotaxis together with
changes in LIM kinase (LIMK) and cofilin phosphorylation. LPI also promoted modifications to
actin cytoskeleton dynamics that were detected by an increase in cell size and interruptions in the
continuity of the cortical actin ring. The chemotaxis and cortical actin ring changes were dependent
on GPR55 receptor activation, since the specific agonist O1602 mimicked the effects of LPI and the
selective antagonist ML193 prevented them. The LPI and O1602-dependent stimulation of BMMC
also led to VEGF, TNF, IL-1α, and IL-1β mRNA accumulation, but, in contrast with chemotaxis-
related processes, the effects on cytokine transcription were dependent on GPR55 and cannabinoid
(CB) 2 receptors, since they were sensitive to ML193 and to the specific CB2 receptor antagonist
AM630. Remarkably, GPR55-dependent BMMC chemotaxis was observed towards conditioned
media from distinct mouse and human cancer cells. Our data suggest that LPI induces the chemotaxis
of MCs and leads to cytokine production in MC in vitro with the differential participation of GPR55
and CB2 receptors. These effects could play a significant role in the recruitment of MCs to tumors
and the production of MC-derived pro-angiogenic factors in the tumor microenvironment.
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1. Introduction

Mast cells (MCs) are central players in distinct protective and deleterious inflammatory
reactions triggered by innate and adaptive immunity [1,2]. In adults, they derive from bone
marrow precursors that are recruited to all vascularized tissues where they finish their
differentiation under the influence of microenvironmental conditions and locally produced
mediators [3]. The differentiation of MCs is accompanied by morphological changes
and the formation of numerous secretory granules that store preformed inflammatory
substances, such as heparan sulphate, histamine, proteases, and cytokines. In addition,
specific receptors are expressed in their plasma membrane, making them able to attend
distinct stimuli, mounting different responses that range from chemotaxis and piecemeal
degranulation to the extensive release of granule content (anaphylactic degranulation),
as well as the synthesis of arachidonic acid derivatives and the long-term production of
regulatory, pro-inflammatory, and pro-angiogenic cytokines [4].

Since MC recruitment has been identified as a hallmark in distinct chronically inflamed
tissues, and the production of MC mediators is associated with accelerated growth rate and
angiogenesis in some malignant tumors [5–7], the study of the factors that promote MC
chemotaxis and the synthesis of pro-angiogenic molecules in this cell type is an active and
relevant research field.

Bioactive lipids such as sphingosine 1 phosphate (S1P), cannabinoids (CB), and
lysophospholipids exert numerous regulatory functions in the immune system. Lysophos-
phatidylinositols (LPIs) are subspecies of lysophospholipids that contain inositol as its
head group. The compounds 1-stearoyl- and 2-arachidonoyl LPI are formed by the action
of PLA2 or PLA1, respectively [8,9]. In particular, the bioactive lipid 2-arachidonoyl-
lysophosphatidylinositol (from now referred as LPI) has emerged as an important molecule
involved in the spread of cancer and the recruitment of distinct immune cell types to sites
of inflammation and tumor growth [10,11].

LPI is recognized by distinct G protein-coupled receptors (GPCRs), such as GPR18,
GPR119, and GPR55 [12]. Of these, GPR55 is the best characterized to date [13]. Although
it was considered an atypical cannabinoid (CB) receptor, now it is known that it belongs to
the non-Edg P2Y receptor GPCR family and it is coupled to Gα12/13 or Gαi/o in distinct cell
types [8,12]. In humans, it has been mapped on chromosome 2 and is expressed in several
tissues such as some brain regions, adrenals, jejunum, and spleen. GPR55 is also expressed
in immune cells such as monocytes and NK cells [14].

LPI is secreted by distinct tumor cells [15,16] and its levels are significantly increased
in patients with certain types of cancer [17]. On the other hand, LPI promotes the chemo-
taxis of neutrophils [18] and induces the production of pro-inflammatory cytokines in
macrophages [19], suggesting that this lipid could be an important molecule involved in
the communication between cancerous and immune cells.

The aim of this work was to analyze, in vitro, the effect of LPI on MCs. Utilizing
distinct approaches, such as Boyden’s chamber chemotaxis assays, Western blot, RT-PCR,
and confocal microscopy, along with distinct pharmacological treatments in bone marrow-
derived mast cells (BMMCs), we found that LPI induces significant effects on MC actin
cytoskeleton remodeling, cell migration, and cytokine mRNA expression through the
differential activation of GPR55 and the cannabinoid 2 (CB2) receptors.

2. Results
2.1. Lysophosphatidylinositol Induces MC Chemotaxis and Activation of the LIMK/Cofilin Axis

Aiming to characterize the effects of LPI in MCs, we decided to start with the evalua-
tion of the capacity of this lipid to regulate degranulation in MCs. Mature, IgE-sensitized
BMMCs were incubated with distinct concentrations of LPI alone or in the presence of two
concentrations of the antigen DNP-HSA to determine the extent of cell degranulation. As
observed in Supplementary Figure S1, LPI alone (tested at 100 nM or 1 µM) did not induce
the secretion of the enzyme β-hexosaminidase, a preformed (granule-stored) mediator,
although it was able to slightly enhance (10–15%) FcεRI-dependent degranulation. With
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the aim of testing whether LPI could be a chemoattractant to BMMCs, we decided to
evaluate the migration of these cells to LPI utilizing Boyden’s chamber assays. As observed
from Figure 1, panels A and B, LPI produced a significant concentration-dependent mi-
gration of BMMCs, and remarkably, this effect was higher than that observed with the
well-characterized chemoattractant sphingosine 1-phosphate (S1P).
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Figure 1. LPI promotes chemotaxis and changes on the LIMK/cofilin axis in MCs. Panel (A): repre-
sentative image of a filter obtained in a migration assay of BMMCs towards distinct chemoattractants
in the Boyden’s chamber. Scale Bar = 20 µm. Panel (B): quantification of migration of MCs towards
sphingosine 1 phosphate (S1P) and lysophosphatidylinositol (LPI) is shown. Chemoattractants were
dissolved first in a proper vehicle and then in serum-free media (Materials and Methods). Data are
presented as the mean ± SEM of the number of cells observed in at least four microscope fields
obtained with the 10× objective, from three independent experiments performed with distinct cell
cultures, * p < 0.05; ** p < 0.01; *** p < 0.001 vs. vehicle; ## p < 0.01 vs. LPI. Panel (C): two million
BMMCs were stimulated with 1 µM LPI during the indicated times, and then lysed to detect phos-
phorylation of LIMK and cofilin proteins by Western blot with specific antibodies. A representative
gel image and the quantification of band intensity observed in at least three independent experiments
are shown. ** p < 0.01; *** p < 0.001 vs. vehicle.

Since LIMK and cofilin are the main regulators of actin cytoskeleton dynamics as they
mediate the essential steps in the actin depolymerization/polymerization cycle necessary
for cell movement, we analyzed the capacity of LPI to induce changes in their phosphoryla-
tion. BMMCs were stimulated with LPI, and the phosphorylation of LIMK and cofilin was
determined by Western blot. As can be observed from Figure 1C, LPI stimulation caused a
very rapid change in cofilin phosphorylation and the subsequent detectable phosphoryla-
tion of LIMK. Although rapid changes in the total amount of LIMK and cofilin cannot be
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ruled out, these results suggest that the LPI-induced chemotaxis of BMMCs is due to the
activation of the canonical LIMK/cofilin axis.

2.2. LPI Induces Changes in Actin Cytoskeleton Dynamics in MCs

Mast cell migration involves distinct steps that require actin polymerization and
changes in cell shape and size [20,21]. With the aim of closely analyzing whether LPI could
induce changes in cell actin cytoskeleton organization, we visualized changes in the size
and the cortical actin ring induced by that bioactive lipid in BMMCs. Cells were incubated
for distinct times with 1 µM LPI, and polymerized actin was detected utilizing phalloidin
coupled to rhodamine. Analysis with confocal microscopy was performed and the cell
size was measured by the distribution of fluorescence along a line traced in the equatorial
plane of the cells (diameter). As can be observed from Figure 2, the addition of LPI or S1P
caused a rapid increase in the cell size, since the mean diameter of the BMMCs changed
from 11.5 ± 0.3 µm under vehicle-treated conditions to 13.4 ± 0.5 µm in the presence of LPI.
Besides the changes in the cell size, cortical actin ring discontinuities were also observed.
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representative images of BMMCs stained with rhodamine-labeled phalloidin after treatments with Figure 2. LPI-induced changes in cell size and actin ring polymerization in MCs. Panel (A): represen-

tative images of BMMCs stained with rhodamine-labeled phalloidin after treatments with vehicle,
S1P (1 µM), and LPI (1 µM) at distinct times. Panel (B): representative images and analysis of cell
size and the polymerization of the actin ring of BMMCs treated with S1P and LPI at distinct times.
Utilizing the confocal microscopy software Zen 2.3 SP1 Blue Edition, a line was traced crossing at
the equatorial plane of the individual cells and fluorescence values along the line were collected to
calculate cell size using the graphs shown. Panel (C): quantification of changes in cell size induced
by LPI in BMMC. Data are presented as the mean ± SEM of at least 20 cells analyzed under each
condition; ** p < 0.01; *** p < 0.001 vs. vehicle.

With the aim of closely analyzing the changes in the actin dynamics induced by LPI,
we decided to generate BMMCs from C57BL6/J-Tg (CAG-EGFP) mice that express actin
monomers tagged with the enhanced green fluorescent protein (EGFP) due to a targeted
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gene fusion (EGFP-BMMCs, Materials and Methods section). These cells were incubated
in the presence of LPI and the continuity of the actin ring was analyzed by confocal
microscopy. As can be observed from Figure 3A,B, LPI caused an observable discontinuity
of the cortical actin ring. Moreover, EGFP-BMMCs were utilized to directly observe the
changes in the actin cytoskeleton in real time. As shown in Figure 3C and Supplementary
Video S1, LPI stimulation triggered an important re-organization of the actin cytoskeleton.
Under basal conditions, the actin filaments were found distributed in the cytoplasm and
nuclear membrane, and an actin mesh also surrounded secretory granules. However, after
2 min of LPI addition, the actin fibers rapidly distributed to the perinuclear zone and the
total amount of cytoplasmic actin diminished. After 5 min of LPI addition, the perinuclear
actin diminished and the actin fibers concentrated at the plasma membrane, surrounding
the secretory granules. On the other hand, under basal conditions, the granules were
homogeneously distributed in the cytoplasm and after 2 min of LPI addition, the granules
seemed to fuse with one another. After 5 min, numerous granules were translocated to the
plasma membrane and discontinuities in the actin ring appeared to coincide with granules
that seemed to be fused with the plasma membrane.
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Figure 3. LPI induces actin cytoskeletal rearrangements and actin ring depolymerization in MCs.
EGFP-BMMCs were incubated under distinct conditions before being processed for confocal mi-
croscopy. Panels (A,B): representative image of EGFP-BMMCs treated for 15 min with vehicle or LPI
(1 µM). A line was traced on the edge of the cell and fluorescence values were obtained along the line
to obtain representative graphs. Panel (C): EGFP-BMMCs were incubated in the presence of vehicle
or LPI (1 µM) directly in a plate placed at the confocal microscope (Materials and Methods section).
Images were taken every second for 300 s and representative images of a cell, obtained at time zero
and distinct times after stimulation, are shown. When needed, cells were treated for 15 min with
antagonists ML193 (100 nM) or AM630 (100 nM) before LPI addition. Data are representative of at
least 10 cells analyzed under each condition, utilizing at least three independent cell cultures. Scale
bar = 5 µm.

2.3. LPI-Induced Chemotaxis Depends on the Activation of GPR55 Receptor

LPI is a bioactive lipid able to activate distinct GPCRs. Among them, GPR55, together
with the CB1 and CB2 receptors, have been detected in MCs [22,23], with CB2 and GPR55
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being the most abundantly expressed [23,24]. With the objective of identifying the receptor
involved in the effects of LPI, we decided to utilize selective antagonists of GPR55 and CB2
receptors. First, the effect of pre-incubation with the GPR55-specific antagonist ML193 or
the CB2-specific antagonist AM630 on LPI-induced polymerization of the actin ring was
evaluated using confocal microscopy. Figure 3C and Supplementary Video S2 show that
the addition of ML193 (100 nM) prevented the effects of LPI on actin polymerization in
EGFP-BMMCs. In contrast, the addition of AM630 (100 nM) caused a brief delay in the
engrossing of the actin ring and prevented actin depolymerization in the perinuclear area
(Supplemental Video S3 ). When the effect of the mentioned antagonists was tested in Boy-
den’s chamber experiments, LPI-induced migration was efficiently inhibited with ML193
and with the combination of ML193 and AM630, but not with AM630 alone (Figure 4).
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Figure 4. LPI-induced chemotaxis is mediated by GPR55, but not CB2 receptors in BMMCs. Panel
(A): BMMCs were placed in the Boyden’s chamber to quantify migration towards LPI in the presence
of ML193, AM630, or a combination of both antagonists. Data in graph are presented as the mean
± SEM of at least three independent experiments performed with distinct cell cultures; ** p < 0.01
vs. vehicle; ## p < 0.01 vs. LPI. Panel (B): representative image of a Boyden’s chamber experiment
utilizing LPI (1 µM) alone or in the presence of ML193 (100 nM), AM630 (100 nM), or a combination of
both antagonists (100 nM ML193 + 100 nM AM630). No significant difference was observed when the
effect of ML193 alone was compared with the ML193 + AM630 group (p = 0.3704). Scale Bar = 20 µm.

2.4. Specific GPR55 Agonist O-1602 Promotes Chemotaxis and Activation of LIMK in BMMCs

To further support the role of GPR55 on the chemotaxis of MCs, we tested the effect
of the GPR55-specific agonist O-1602 on the migration of BMMCs. As observed with LPI,
O1602, at concentrations ranging from 1 nM to 1 µM, was unable to induce the anaphylactic
degranulation of MCs. However, this compound exerted a significant chemoattractant
activity on BMMCs. As shown in Figure 5, O1602 induced cell migration and the addition
of ML193 fully prevented BMMC chemotaxis to this compound.
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Figure 5. GPR55-specific agonist O1602 causes GPR55-dependent migration in BMMCs. Panel
(A): representative image of a filter obtained in a migration assay of BMMCs towards distinct
concentrations of O1602 alone or in the presence of ML193. Panel (B): quantification of cell migration
of BMMCs towards O1602; ** p < 0.01 vs. vehicle; ## p < 0.01 vs. O1602.

2.5. GPR55 Receptor Mediates the Chemotaxis of BMMCs to Conditioned Media from Distinct
Mouse and Human Cancer Cells

Aiming to test whether the GPR55-mediated migration of MCs could be involved in
their recruitment to malignant tumors, we evaluated the chemotaxis of BMMCs towards
conditioned media from distinct murine and human cancer cell lines. First, conditioned
media from cultures of B16-F1, a murine malignant melanoma cell line, were collected
as described in the Materials and Methods section, and chemotaxis assays towards serial
dilutions of this media, alone or in the presence of ML193, were determined. Figure 6A
shows that BMMCs migrated to the conditioned media of B16-F1 cells, and the ML193
compound prevented this cell migration. Then, we evaluated BMMC migration towards
conditioned media from human transformed cells. Conditioned media obtained from the
human cervical carcinoma cell lines Ca Ski and C-33 A were obtained and used for chemo-
taxis experiments. As can be observed in Figure 6B,C, the BMMCs migrated to transformed
cell-conditioned media with distinct intensities. Ca Ski-conditioned media induced the
migration of BMMCs, and this phenomenon was sensitive to ML193. Interestingly, C-33
A-conditioned media promoted higher values of cell migration that was also sensitive to
the GPR55 antagonist. Together, our data show that BMMCs migrate towards compounds
produced by cancer cell lines with an important participation of the GPR55 receptor, whose
recognized ligand is LPI. The data also suggest that cervix cancer cells, as for other cell
lines derived from human tumors [15,16], release bioactive lipids.
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Figure 6. BMMCs migrate towards cancer cell-conditioned media in a GPR55 receptor-dependent
fashion. Conditioned media from (A) the B16-F1 murine malignant melanoma cell line as well as
(B) Ca Ski and (C) C-33 A human cervical cancer cell lines were collected and diluted as described
in the Materials and Methods section. Boyden’s chamber chemotaxis experiments were performed
utilizing BMMCs in the presence of vehicle or ML193 (100 nM). Data are presented as the mean ± SEM
of at least four microscope fields observed with the 10X objective obtained from at least three
independent experiments. One way ANOVA vs. vehicle (without ML193) values, * p < 0.05; ** p < 0.01;
*** p < 0.001 vs. vehicle; # p < 0.05; ## p < 0.01 vs. ML193 non-treated groups. ND, non-diluted
conditioned media. Blue and pink bars show values obtained in the absence or presence of the GPR55
antagonist ML-193, respectively.

2.6. LPI and O1602 Promote Cytokine mRNA Accumulation with the Participation of GPR55 and
CB2 Receptors

The physiological functions of MCs require a series of distinct events that lead to the
recruitment of their cell precursors to specific locations, cell maturation in situ, and the
production of distinct immune mediators that control inflammation, angiogenesis, and
tissue repair, among other processes. To characterize the effect of LPI and its receptors on
the production of active mediators by MC, we decided to analyze the synthesis of distinct
cytokine mRNAs in response to LPI in BMMC by semi-quantitative RT-PCR. Figure 7 shows
that LPI promoted an increase in the mRNA synthesis of vascular endothelial growth factor
(VEGF), tumor necrosis factor (TNF), and the pro-inflammatory cytokines IL-1α and IL-1β.
The cells were exposed for 3 h to 1 µM LPI or 100 nM O1602 in the presence or absence
of 100 nM ML193 or 100 nM AM630. Afterwards, the cells were harvested and the total
mRNA was extracted to synthesize cDNA and amplify the mentioned gene sequences.
As illustrated in Figure 7A, LPI promoted the mRNA synthesis of VEGF, TNF, IL-1α, and
IL-1β. As expected, ML193 prevented the LPI-induced accumulation of these mRNAs, but,
unexpectedly, the inhibition of VEGF, TNF, and IL-1β mRNA accumulation was only close
to 50%. In contrast, the accumulation of IL-1α mRNA was fully sensitive to ML193. To test
whether residual mRNA synthesis could be dependent on the activation of other receptors,
the CB2 antagonist AM630 was utilized. As can be observed in Figure 7A, AM630 also
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partially inhibited the LPI-dependent accumulation of VEGF, TNF, and IL-1β mRNAs, and
only the combination of both antagonists fully prevented the effects of LPI. Of note, IL-1α
accumulation was fully sensitive to AM630. These data suggest that LPI promotes the
production of pro-angiogenic and pro-inflammatory mediators in MCs and that, in contrast
with chemotaxis, this effect requires the participation of both GPR55 and CB2 receptors.
To corroborate this finding, the cells were stimulated with O1602, and cytokine mRNA
synthesis was also analyzed. Figure 7B shows that, as in the case of LPI, the GPR55 agonist
provoked the synthesis of VEGF, TNF, IL-1α, and IL-1β mRNAs. These effects were, as
expected, fully sensitive to ML193. However, O1602’s effects on VEGF and TNF mRNA
accumulation were also partially sensitive to the CB2 agonist AM630, since around 50% of
the response was observed in the presence of that compound. The accumulation of IL-1α
and IL-1β mRNAs was fully sensitive to AM630. These data suggest that GPR55 fully
mediates the cytokine mRNA accumulation in response to O1602, but also supports the
idea that the CB2 receptor plays a role in the GPR55-induced cytokine synthesis in BMMCs.
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Figure 7. GPR55 and CB2 receptors mediate LPI and O1602-induced cytokine mRNA accumulation
in BMMCs. Panel (A): BMMCs were treated for three hours with LPI (1 µM) in the presence of vehicle,
ML193 (100 nM), or AM630 (100 nM). Total RNA extraction, cDNA synthesis, and RT-PCR were
performed as described in the Materials and Methods section. A representative image of a 2% agarose
gel with the corresponding amplification fragments is shown in the upper part of the figure, whereas,
in the lower part, the quantification of at least three experiments is shown. Panel (B): cells were
treated with O1602 (100 nM) and the respective GPR55 or CB2 receptor antagonists, as in panel A.
In both panels, the effect of each antagonist alone and the combination of both is also shown. Data
are presented as the mean ± SEM of at least three independent experiments. ** p < 0.01 vs. vehicle;
## p < 0.01 vs. LPI or O1602. Blue and orange bars show data obtained stimulating the cells with LPI
or with the GPR55 agonist O1602, respectively.

3. Discussion

Bioactive lipids are important regulators of cell functions in physiological and patho-
logical conditions [9]. Among them, LPI has been identified as a novel molecule produced
during inflammatory reactions and cancer progression. LPI has shown significant effects on
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the promotion of cancer cell proliferation and migration [10], but its effects on immune cells,
particularly in MCs, are not fully described. The main findings of this work are: (1) LPI does
not induce anaphylactic degranulation, but enhances FcεRI-dependent β-hexosaminidase
release and strongly promotes the chemotaxis of BMMCs; (2) LPI treatment leads to sig-
nificant reorganization of the actin cytoskeleton, which is observable as an increase in cell
size and the formation of depolymerized cortical actin zones; (3) the effects of LPI on actin
polymerization and chemotaxis are dependent on GPR55 receptor activation; (4) BMMCs
migrate towards conditioned media obtained from murine and human transformed cell
lines in a GPR55-dependent fashion; and (5) LPI and O1602 promote cytokine mRNA
expression with the participation of both GPR55 and CB2 receptors.

Anaphylactic degranulation, characterized by the rapid release of preformed granule
content, is a marker of full MC activation. In our hands, LPI was not able to induce
degranulation, but increased the secretion of β-hexosaminidase when added shortly before
IgE/Ag. The signal transduction system of the FcεRI couples the recognition of IgE/Ag
complexes to the secretion of pro-inflammatory and regulatory mediators by activating
the molecules involved in cytoplasmic changes, calcium mobilization, and cytokine gene
expression, but also activates intracellular enzymes involved in the formation of some
active lipids, such as S1P, that enhances degranulation in an autocrine fashion [25]. Our
results showing that LPI causes an increase in FcεRI-induced degranulation suggest that
this compound should be further studied as a member of the bioactive lipids able to modify
anaphylactic reactions, probably due to its effects on actin cytoskeleton organization. If
this lipid is synthesized after the IgE/Ag stimulation of MCs (as S1P) remains an open
question [26].

The reorganization of the actin cytoskeleton occurs during the migration of MCs
to distinct chemokines and also occurs during the secretion of mediators from this cell
type [20,21,27]. Data from Western blots suggest changes in LIMK and cofilin phospho-
rylation, although differences in the total amount of these proteins cannot be ruled out.
To our knowledge, this is the first time that changes in the actin cytoskeletal dynamics
in response to LPI have been reported in MCs. However, these results are in line with
those obtained with distinct chemoattractants and secretagogues for MCs. For example,
an increase in cell size has been observed in the RBL-2H3 cell line after treatment with the
chemotactic cytokine IL-8 [27]. On the other hand, the presence of discontinuities in the
cortical actin ring has been associated with a secretory actin phenotype in MCs [27]. Our
closer analysis of actin polymerization utilizing BMMCs derived from EGFP-expressing
mice showed that LPI induces rapid rearrangements of actin cytoskeleton that, in the
first minutes, resemble the migratory actin phenotype (characterized by perinuclear actin
clusters and discontinuities in the cortical actin ring). However, a few minutes later, the
actin cytoskeleton resembles a secretory actin phenotype, with low perinuclear actin signal
and a discontinuous actin ring.

The confocal images suggest that LPI induces actin reorganization to promote mi-
gration, but also indicate that it promotes the secretion of granule content. Remarkably,
no anaphylactic degranulation was observed in MCs treated with LPI alone, suggesting
that LPI promotes the secretion of mediators through a mechanism of compound exo-
cytosis or piecemeal degranulation. On the other hand, LPI increases the secretion of
β-hexosaminidase in response to IgE/Ag complexes, suggesting that the actin reorganiza-
tion promoted by LPI facilitates the secretory process. In analyzing the response of distinct
preparations of MCs, it has been observed that the secretory actin phenotype abrogates the
migratory phenotype in conditions when a chemoattractant precedes to a degranulation
inducer [21,27]. In the light of this model, our results suggest that LPI initially promotes
the migration of MCs and, later, with the participation of other stimuli, the secretion of
mediators. This could be relevant to the recruitment of MCs to tumors, since after being
attracted to tumor mass, MCs might release mediators to increase angiogenesis or exert
other functions.
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Our results show, for the first time, that BMMCs strongly migrate to the conditioned
media of transformed cell lines in a GPR55 fashion. In this regard, it has been shown that
LPI is secreted by distinct malignant cell lines, such as the ovarian cancer cells OVCAR-3,
OVCAR-5, and COV-362 [15], being able to induce the migration and proliferation of human
endothelial colony-forming cells (ECFCs) [15]. Moreover, prostate cancer cells (PC-3 cell
line) have been demonstrated to synthesize LPI by the cytosolic phospholipase A2 (PLA2).
In these cells, LPI is secreted through the ATP-binding cassette transporter ABCC1/MRP1
and activate GPR55 in an autocrine loop [16]. In the same line, indirect evidence suggests
the production of LPI by cancer cells in vivo, since elevated LPI plasma levels have been
found in breast cancer patients [28] and ovarian cancer patients [17] when compared to
healthy individuals. Our observation of the migration of MCs towards conditioned media
from transformed cell lines strongly suggests a role of LPI (or other GPR55 ligands) in the
chemotaxis of MCs to tumor niches. The presence of MCs in distinct malignant tumor
types has been widely reported [5]. In these locations, they exert pro-inflammatory and
pro-angiogenic actions, but also seem to coordinate protective responses [5,6,29].

Distinct molecules have been described as MC chemoattractants [30], and some of
them have been proposed to be involved in the recruitment of this cell type to zones of
tumor growth. For example, MCs that migrate towards conditioned media form distinct
tumor cell lines in vitro [31,32], and Stem Cell Factor (SCF) has been proven to induce
MC infiltration in tumors in vivo [33]. The chemokine CCL5 has been also proposed to
participate in the incorporation of MCs to tumors, since it was observed expressed in smooth
muscle tumor cells and tumor-infiltrating MCs express the CCR3 receptor [34]. On the other
hand, CXCL12 is produced by several solid tumors and tumor-associated MCs express
CXCR4 [35,36]. In the case of lipid mediators, it has been shown that prostaglandin E2
induces MC migration and MC accumulation to sites where it was administered in vivo [37].
Our results showing BMMC migration towards cervix cancer cells led to the hypothesis
that the LPI/GPR55 axis could play a role in the incorporation of MCs in that type of cancer.
This possibility should be further explored, since an important increase in tryptase-positive
MCs has been detected in samples of invasive cervix carcinoma, but not in cervix tissue
derived from healthy women [38]. Together, our results provide evidence indicating that
LPI and its receptor GPR55 could participate in the incorporation of MCs to sites of tumor
growth and that GPR55 blockage could be considered a therapeutic strategy to inhibit the
recruitment of MCs to solid tumors.

Notably, LPI promoted the synthesis of VEGF and TNF mRNAs with the involvement
of the GPR55 receptor in BMMCs. The results shown are in line with those previously
reported, indicating that this bioactive lipid can induce gene transcription through the
activation of MAPK (such as p38) and transcription factors such as ATF2 [39] and NFAT [40].
The complete signal transduction pathway activated by GPR55 in MCs should be further
investigated to evaluate the role of p38 MAPK or other proteins on the control of cytokine
expression in this cell type. On the other hand, VEGF and TNF mRNA accumulation is
also regulated by post-transcriptional events, such as mRNA stabilization [41,42], and
an impact of LPI on the activation of mRNA-stabilizing factors in the synthesis of pro-
inflammatory and pro-angiogenic mediators cannot be ruled out. LPI-dependent cytokine
mRNA accumulation was also partially sensitive to the CB2-specific antagonist AM630,
suggesting the participation of CB2 receptors on LPI actions. Moreover, partial inhibitory
effects of AM630 on the synthesis of VEGF and TNF mRNAs caused by O1602 strongly
support the participation of CB2 receptors on the actions of GPR55 in BMMCs. The data
suggest that, besides the actions of GPR55 and CB2 receptors alone, the formation of GPR55-
CB2 dimers could participate in the expression of cytokine genes triggered by LPI. GPR55
receptor interaction with distinct GPCRs, such as the S1PR [43] and the lysophosphatidic
acid (LPA) 2 receptor [44], has been demonstrated in some cell preparations. Specifically,
GPR55 dimer formation with cannabinoid receptors has been previously observed in
neutrophils, transfected HEK293 cells, and cancer cells [18,45,46]. In MCs, GPR55-CB2
receptor dimerization has been also suggested, since LPI and the specific CB2 agonist HU308
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inhibited FcεRI-dependent degranulation in BMMCs, and these actions were prevented by
AM630 [24]. The participation of monomeric and heterodimeric GPR55 and CB2 receptors
on LPI and O1602 effects on cytokine mRNA accumulation in MCs is an open possibility
that should be further explored.

Our data show important chemotactic effects of LPI on a cell culture that renders
cells closely resembling mucosal MCs [47]. Although MCs with a connective tissue pheno-
type (i.e., expressing tryptase) have been found to be associated with tumors and tumor-
associated MCs seem to suffer important changes to their phenotype due to conditions
prevalent in the tumor environment [29], mucosal-type MCs have been importantly related
to colon cancer [48] and to adenoma–carcinoma progression [49]. Future research should
be conducted to analyze the effects that the LPI/GPR55 axis exerts on connective tissue
MCs and whether this is related to the pro- and anti-tumoral roles that have been described
for MCs.

The obtained results point to the complex participation of GPR55 and CB2 receptors
on the effects of LPI on BMMCs, since some responses, such as chemotaxis and changes
to the actin cytoskeleton dynamics, seem to depend only on GPR55 activation, while
cytokine mRNA accumulation requires both GPR55 and CB2 receptors. On the other
hand, GPR55 emerges as a central molecule mediating LPI-induced migration and actin
cytoskeleton remodeling in MCs, which places that receptor as an attractive target to inhibit
the recruitment of MCs to tumor niches. The main findings obtained in this work are
schematized in Figure 8.
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mRNA production in BMMCs. LPI promotes chemotaxis and changes in the actin cytoskeleton
dynamics in BMMCs through GPR55 receptor activation, whereas its actions on cytokine mRNA
accumulation partially require the participation of CB2 receptors. LPI also increases degranulation
triggered by FcεRI. The GPR55 receptor is involved in BMMC migration to tumor cell-conditioned
media. GPR55 agonist O1602 promotes chemotaxis and cytokine mRNA accumulation, but the latter
effect is dependent on CB2 receptors.
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4. Materials and Methods
4.1. Mice

Wild-type C57BL/6J and C57BL6/J-Tg (CAG-EGFP) 1310sb/LeySopJ mice (stock
numbers 000664 and 006567, respectively) were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA) and maintained in the Unit for Production and Laboratory Animal
Experimentation (UPEAL) from Cinvestav. A breeding pair of EGFP-expressing mice
to generate the EGFP-BMMCs used in this paper was generously donated by Dr. José
Vazquez-Prado, from the Pharmacology Department (Cinvestav, Zacatenco Campus). The
animals were maintained under controlled standard humidity and temperature (22–24 ◦C)
conditions, with ad libitum access to food and water and a 12 h light/12 h dark cycle. All
procedures were performed according to our Institutional Committee for the Care and Use
of Laboratory Animals (CICUAL), under the approved protocol 137-15. The authorized
protocol follows the National Institutes of Health (NIH) guidelines for the use and care of
laboratory animals and the Official Mexican Norm NOM-062-ZOO-1999.

4.2. Reagents and Antibodies

Monoclonal IgE (clone SPE7), RPMI 1640, 2-mercaptoethanol (2-ME), Laemmli buffer,
L-α-lysophosphatidylinositol (LPI), and sphingosine-1-phosphate (S1P) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HEPES, non-essential amino acids (NEAA),
penicillin, streptomycin, and fetal bovine serum (FBS) were obtained from Gibco-BRL-Life
Technologies (Gaithersburg, MD, USA). Interleukin (IL)-3 was purchased from PeproTech
(Rocky Hill, NJ, USA). The GPR55 synthetic agonist, O-1602, was purchased from Cayman
Chemical (Ann Arbor, MI, USA), while the GPR55 antagonist, ML-193, was purchased
from TOCRIS (Bristol, UK). The CB2 antagonist, AM630, was from Sigma-Aldrich (St.
Louis, MO, USA). Anti-p-cofilin (pSer 3) antibodies were obtained from Cell Signaling Tech-
nology (Danvers, MA, USA). Anti-p-LIMK (pThr 508/505) and anti-β-actin (C-terminal)
antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The sec-
ondary antibodies, HRP-coupled anti-mouse and anti-rabbit, were obtained from Jackson
ImmunoResearch (West Grove, PA, USA). Rhodamine-labeled phalloidin and calcein-AM
were obtained from Life Technologies (Carlsbad, CA, USA). DAPI was purchased from
Invitrogen (Carlsbad, CA, USA). The polycarbonate filters were from Neuro Probe, and
bovine skin gelatin from Sigma-Aldrich (St. Louis, MO, USA)

4.3. Generation of BMMCs, IgE Sensitization and Determination of β-hexosaminidase Release

BMMCs were isolated as previously described [50]. Briefly, bone marrow (BM) was
extracted from both tibias of 6- to 8-week-old mice. Freshly isolated BM was placed on
media composed of RPMI-1640 supplemented with 20 ng/mL IL-3, 10% FBS, 25 mM HEPES
buffer, 1 mM sodium pyruvate, 50 µM 2-Mercaptoethanol (ME), 100 IU/mL penicillin,
100 µg/mL streptomycin, and 1X non-essential amino acids (NEAA, from a 100X stock
from Invitrogen). All components of the cell culture medium were purchased obtained
from Gibco-BRL-Life Technologies (Gaithersburg, MD, USA). The cells were cultured at
37 ◦C under 5% CO2 atmosphere for 4 to 6 weeks, changing media once per week. The
maturity of the BMMCs was evaluated by performing flow cytometry (FACS) to analyze the
expression of the FcεRI receptor on cellular membrane and only 4–6-week-old cultures with
more than 95% FcεRI-positive cells were utilized. Since it has been shown that monomeric
IgE promotes the maturation of BMMCs, allowing them to better respond to distinct
physiological stimuli [51,52], these cells were sensitized for 18 h with monomeric anti-
dinitrophenol IgE (mIgE, 100 ng/mL, Sigma-Aldrich (St. Louis, MO, USA) at 37 ◦C before
being used for all experiments. The functional status of BMMC was routinely evaluated by
measuring the release of β-hexosaminidase in response to FcεRI triggering, as described
previously [53].
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4.4. Immunofluorescence and Confocal Microscopy

To analyze actin ring polymerization rearrangements, two strategies were used. For
the first one, 2 × 106 BMMCs were treated for different periods of time (15, 30, 60, and
120 min) with 1 µM LPI at 37 ◦C. As a control, the cells were treated for 30 min with 100 nM
sphingosine-1-phosphate (S1P). After treatment, the BMMCs were resuspended in 150 µL
of 1X phosphate buffered saline (PBS), and the cells were settled for 15 min on a positive-
charged glass slide. Later, the cells were fixed for 15 min with 4% paraformaldehyde (PFA).
The slide was washed three times with 1X PBS and, after treatment, the blocking solution
(PBS 1X, BSA 10%, 50 µL Donkey serum and 1 µL Tween-20) was added for 2 h. To detect
the actin ring, the cells were incubated overnight with rhodamine-labeled phalloidin (1:750)
at 4 ◦C in the dark. The next day, the cells were washed for 20 min with 1X PBS, and DAPI
(1:500) was added for 5 min to detect the cell nuclei. The cells were washed again, and
the preparation was sealed with DABCO. Once finished, the slide was observed under
a Zeiss Airyscan LSM-800 confocal microscope (Carl Zeiss, Oberkochen, Germany). The
analysis of cell size and the distribution of fluorescence was performed with the software
Zen 2.3 SP1 Blue Edition. The second strategy consisted of determining the changes in actin
polymerization by the direct observation of BMMCs derived from EGFP-expressing mice
using confocal microscopy. Briefly, 3 × 106 EGFP-expressing BMMCs in RPMI medium
were incubated overnight in a 35 mm Petri dish with a 23 mm glass base (Fluorodish, World
Precision Instruments, WPI, Sarasota, FL, USA) at 37 ◦C in a CO2 incubator. The media was
collected and cells were washed twice with PBS before the addition of 1 mL Tyrode buffer
maintained at 37 ◦C. The Petri dishes were taken to the confocal microscope and stimulation
with LPI alone or in the presence of antagonists was performed. Images were acquired
with a 63X objective using a 4X optical zoom in a DMi8 Stellaris 5 confocal microscope and
utilizing the software Leica Application Suite (LAS) X, version 4.3.0.24308. Supplemental
videos were constructed with serial images taken every second for 5 min before being
compressed into 18 s (Supplementary Videos S1 and S2) or 50 s (Supplementary Video S3).

4.5. Chemotaxis Assay

To determine whether LPI was a chemoattractant for MCs, and to identify the receptor
involved, Boyden chamber modified assays were performed. A 48-well Boyden chamber
was used (Neuro Probe, Gaithersburg, MD). Polycarbonate filters (25 × 80 mm) with 8 µm
pore size were coated for 2 h with 2% of bovine skin gelatin (Sigma-Aldrich, St. Louis,
MO, USA) at 37 ◦C and air dried. The BMMCs were washed with 1X PBS to remove the
excess medium as FBS has been demonstrated to be a chemoattractant for MCs. Once
washed, the cells were loaded for 1 h with 1 µg/L calcein-AM at 37 ◦C (Sigma-Aldrich (St.
Louis, MO, USA). After loading, the cells were washed three times and resuspended in
migration medium (MM, serum-free RPMI-1640, pH 7.3). Distinct ligands and antagonists
(stocks dissolved in 1% DMSO solvents and diluted in MM) were added to the bottom
wells in a 30 µL volume. In the upper wells, 40 × 103 mature, IgE-sensitized BMMCs
were placed. In all experiments with agonists and antagonists, the DMSO concentration
was kept to less than 0.01%. As a negative control, MM with proper vehicle dilution
was used, while medium RPMI supplemented with 10% FBS served as a positive control.
In assays using ML-193 and AM630 antagonists, cells were pretreated for 15 min with
different concentrations of these compounds at 37 ◦C before being placed on the chemotaxis
chamber and the antagonists were also added to the bottom wells, mixed with LPI. The
chamber was then incubated for 3 h in a humidified incubator at 37 ◦C with 5% CO2.
Migrated cells adhering to the gelatinized filter were observed using a Zeiss LSM-800
Airyscan confocal microscope (Carl Zeiss, Oberkochen, Germany), using the software Zen
2.3 SP1 Blue Edition. Quantification was performed using Image J 1.53t software, analyzing
four randomly selected fields obtained with a 10X objective per condition. The data are
presented as the mean ± SEM of the number of cells observed in each field.
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4.6. Western Blot

Approximately 2 × 106 cells per condition were resuspended in 1 mL of Tyrodes-BSA
buffer (20 mM HEPES buffer at pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM
MgCl2, 5.6 mM Gly and 0.05% BSA). After stimulation, the cells were lysed on 1X Laemmli
buffer and boiled for 15 min before being separated in SDS-PAGE. The proteins were
transferred to polyvinylidene difluoride (PVDF) membranes in a semi-dry transfer unit.
PVDF membranes were blocked for 2 h with 4% dry skimmed milk. The membranes
were washed with TBS-T buffer (25 mM Tris, 0.9% NaCl, 0.05% Tween-20) and incubated
overnight with the specific antibodies (anti-p-LIMK, anti-p-cofilin or anti-β-actin). The next
day, the membranes were washed with TBS-T buffer and incubated for 1 h with the specific
secondary antibody (1:5000) at room temperature. The membranes were washed again
three times, and later visualized by chemiluminescence utilizing X-ray films. Densitometric
analysis was performed with the software Molecular Imager Universal Hood II (Software
Image Lab v.5.0, Bio-Rad, Hercules, CA, USA).

4.7. Transformed Cell Culture and Collection of Conditioned Media

B16-F1 cells (ATCC stock number CRL-6323) were grown as described previously [54].
Briefly, cells maintained in frozen vials were thawed and grown in T75 flasks with low-
glucose DMEM, 10% FBS, and standard concentrations of antimycotic and antibiotics,
until 80% cell density was reached. Two days later, the conditioned media were collected
and frozen until use. Cervical cancer-derived cell lines C33A and Ca Ski were purchased
from ATCC (stock numbers HTB-31 and CRL-1550, respectively). For conditioned media
collection, 2.5 × 106 cells were seeded in 100 mm Petri dishes using RPMI and DMEM
(Gibco, Waltham, MA, USA) supplemented with 10% FBS (Gibco) for Ca Ski and C33-A,
respectively. After 24 h, the conditioned media was collected and centrifuged at 200× g
for 5 min. To ensure the removal of cellular debris, the media was passed through a
sterile 0.22 µm filter and stored at −70 ◦C until further use. For chemotaxis experiments,
supernatants were diluted with the corresponding fresh media, and migration towards
undiluted media was used as control.

4.8. RNA Extraction and RT-PCR

Approximately 2 × 106 cells were stimulated as indicated, and then collected by
centrifugation at 4 ◦C. The pellets were lysed by adding TRI-reagent (Sigma Aldrich, St.
Louis, MO, USA), according to the manufacturer’s instructions. cDNA synthesis was
performed using the RevertAid First Strand cDNA synthesis kit (Thermo Fischer Scientific,
Waltham, MA, USA). The primers for RT-PCR are listed in Table 1, and amplification
conditions were used as reported in the indicated references. The PCR products were
analyzed using agarose gel (2%) electrophoresis, and the gels were stained using ethidium
bromide. The gels were photographed using a MiniBIS Pro System (DNR Bio-Imaging
Systems, Neve Yamin, Israel), utilizing the Gel Quant Express program.

Table 1. Oligonucleotides utilized for semi-quantitative RT-PCR.

Cytokine Forward Reverse Reference

VEGF CTGCTCTCTTGGGTCCACTGG CACCGCCTTGGCTTGTCACAT [55]

TNF TTCTGTCTACTGAACTTCGGGGTGATCGGTCC GTATGAGATAGCAAATCGGCTTGTGGG [56]

IL-1 alpha CTCTAGAGCACATGTACAGAC TGGAATCCAGGGGAAACACTG [57]

IL-1 beta TTGACGGACCCCAAAAGATG AGAAGGTGCTCATGTCCTCA [57]

GAPDH TGAAGGTCGGTGTGAACGGATTTGGC CATGTAGGCCATGAGGTCCACCAC [58]

4.9. Statistical Analysis

The results are expressed as the mean ± SEM of at least three independent experiments
performed with independent cell cultures. Some results were normalized considering basal
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(vehicle) or t = 0 conditions as 100% or 1. The data were analyzed by one-way analysis
of variance (ANOVA), followed by Dunnett’s test. For some comparisons, an unpaired
Student’s t test was utilized. All analyses were performed with GraphPad Prism v.5
(GraphPad Software, San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24076316/s1.
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