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Abstract: Studies, including ours, have shown that pro-oxidative stressors, such as chemotherapeutic
agents, generate oxidized lipids with agonistic platelet-activating factor (PAF) activity. Importantly, recent
reports have implicated that these PAF-agonists are transported extracellularly via microvesicle particles
(MVPs). While the role of PAF-receptor (PAF-R) has been implicated in mediating chemotherapy effects, its
significance in chemotherapy- mediated MVP release in pancreatic cancer has not been studied. The current
studies determined the functional significance of PAF-R in gemcitabine chemotherapy- mediated MVP
release in human pancreatic cancer cells. Using PAF-R-expressing (PANC-1) and PAF-R-deficient (Hs766T)
cells, we demonstrate that gemcitabine induces MVP release in a PAF-R-dependent manner. Blocking of
PAF-R via PAF-R antagonist or inhibition of MVP generation via inhibitor of acid sphingomyelinase
(aSMase) enzyme, significantly attenuated gemcitabine-mediated MVP release from PANC-1 cells,
however, exerted no effects in Hs766T cells. Notably, MVPs from gemcitabine-treated PANC-1 cells,
contained a measurable amount of PAF-agonists. Mechanistically, pretreatment with ERK1/2 or p38
inhibitors significantly abrogated gemcitabine-mediated MVP release, indicating the involvement of
mitogen-activated protein kinase (MAPK) pathway in PAF-R-dependent gemcitabine-mediated MVP
release. These findings demonstrate the significance of PAF-R in gemcitabine-mediated MVP release, as
well as the rationale of evaluating PAF-R targeting agents with gemcitabine against pancreatic cancer.
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1. Introduction

Exposure to pro-oxidative stressors, including therapeutic agents, has been shown to generate
oxidized lipids with platelet-activating factor (PAF) agonists’ activity from various cell types, including
tumor cells [1-7]. In particular, tumor cells expressing PAF-receptor (PAF-R) exhibit enhanced levels of
PAF-agonists generation in response to chemotherapy [5,6]. While multiple signaling mechanisms have
been proposed in mediating PAF-R-dependent effects of therapeutic agents in malignant cells [5-11],
it is not clear if PAF-R-dependent effects in response to stimuli, such as during chemotherapy, are
mediated directly or indirectly.

Growing evidence supports the crucial roles of microvesicle particles (MVPs), an extracellular
vesicles in mediating the biological activities of cells in response to stimuli, including cancer
therapy [12-15]. MVPs are small membrane-bound nanosized (10-100 nm) particles which are released
by various cell types, including tumor cells, and contain a variety of bioactive substances, including
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lipids [14-18]. Thus, ongoing efforts are directed toward defining the functional role, as well as
mechanisms of MVPs in disease pathophysiologies, including cancers, to devise better therapeutic
strategies against these ailments.

The recent reports from our group have demonstrated that PAF-agonists generated in response
to the environmental stressor, ultraviolet B (UVB), are extracellularly transported via MVP [16,17].
Notably, UVB exposure resulted in MVP release in a dose-dependent manner from PAF-R-expressing
human keratinocyte HaCaT cells, and human skin explants [16,17]. This UVB-induced effect on MVP
release is mimicked by a known PAF-R agonist, carbamoyl-PAF (CPAF) [17]. Importantly, exposure of
UVB or CPAF to PAF-R-expressing (KBP) and PAF-R-deficient (KBM) human epidermoid cells induced
significant levels of MVP release selectively from KBP cells, compared to KBM cells, indicating the
necessity of PAF-R in mediating UVB/CPAF-induced MVP release [17].

Studies, including ours, have demonstrated that PAF-R activation plays critical roles in various
disease pathophysiologies, including cancer growth [1-8,19]. While effects of PAF-R have been shown
in various cancer models [5-11], little is known about its effect in pancreatic cancer models. Pancreatic
cancer, like other major human cancers, has poor prognosis, and it is difficult to treat this malignancy,
with high mortality rates in the United States [20-23]. Notably, the standard gemcitabine chemotherapy
alone has been shown to exert a low response rate, and when combined with other agents, exhibited
mixed to slightly improved responses [24-28]. These findings indicate the critical need to identify
novel approaches/strategies for the treatment of pancreatic cancer.

The current studies sought to determine the role and mechanism of PAF-R in gemcitabine-mediated
MVP release in human pancreatic cancer cells. Our studies using PAF-R-expressing (PANC-1) and
-deficient (Hs766T) cells demonstrate that gemcitabine induces MVP release in a PAF-R dependent manner,
in a process blocked by PAF-R antagonist or acid sphingomyelinase (aSMase) inhibitor. Mechanistically,
gemcitabine-induced MVP release was significantly attenuated by ERK1/2 and p38 inhibitors, indicating
the role of MAPK pathway in PAF-R-dependent gemcitabine-induced MVP release.

2. Results

2.1. Gemcitabine Treatments Release MV P in a PAF-R-Dependent Manner

Our first studies using PAF-R-expressing PANC-1 and PAF-R-deficient Hs766T cells (Figure 1)
determine effects of PAF-R expression on gemcitabine-mediated MVP release. To that end, PANC-1
and Hs766T cells were treated with or without various doses of gemcitabine (GEM; 0.1, 0.5, and 1 mM),
and incubated for 4 h as per our previous reports [17]. Cells treated with 0.1% ethanol served as a
negative control, and with CPAF (100 nM, for PAF-R-expressing) served as positive control. However,
treatment of phorbol 12-myristate 13-acetate (PMA; 100 nM, also known as TPA), a PAF-R-independent
PKC agonist, served as a positive control for PAF-R-deficient cells, which also induces MVP release
in PAF-R-expressing cells [29]. We observed that gemcitabine resulted in significant levels of MVP
release in PANC-1 cells, similar to that observed with PMA or CPAF treatments compared to normal
control (Figure 2A). Notably, only PMA, but not gemcitabine or CPAF treatments, resulted in MVP
release in Hs766T cells, compared to control group (Figure 2B). These findings indicate the potential
role of the PAF-R in gemcitabine-mediated MVP release. These findings further characterized, and
defined, the role of cellular PAF-R in MVP release in response to stimuli similar to, as described [16,17].
Since, we did not observe a dose-dependent effect of gemcitabine on MVP release (Figure 2A), and we
chose 0.1 mM dose of gemcitabine for our next experiments.



Int. ]. Mol. Sci. 2019, 20, 32 30f11

I,

o

<

3 3

o

< 21

o

o

01-

14

&

co-q NS &
QU & &
&€y

Figure 1. Evaluation of platelet-activating factor-receptor (PAF-R) mRNA expression. qPCR analysis
demonstrated that PANC-1 human pancreatic cancer cells express, and Hs766T cells lack, PAF-R
expression. PAF-R-expressing human epidermoid KBP, and deficient KBM cells, were used as positive
and negative controls.
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Figure 2. Effect of gemcitabine on microvesicle particle (MVP) secretes. (A) PANC-1 and (B) Hs766T
cells were treated with or without phorbol 12-myristate 13-acetate (PMA), carbamoyl-PAF (CPAF),
or gemcitabine (GEM) at given doses. After 4 h of incubation, MVPs were isolated and analyzed.
Data are representative of mean + SD of three independent experiments, normalized per 1 x 10° cells.
The sign (* = p < 0.05) denotes statistically significant differences from control (CT), and NS denotes a
non-significant difference from CT.

2.2. Blockade of PAF-R Attenuate Gemcitabine-Induced MV P Release

Previous studies, including ours, have shown that PAF-R antagonist attenuates PAF-R-mediated
effects of various stimuli, including antitumor agents [7,29-31]. Thus, our next studies determined the
effect of a PAF-R antagonist, WEB2086, on gemcitabine-induced MVP release. For this, PANC-1 and
Hs766T (for control) cells were pretreated with WEB2086 (10 uM) for 1 h, followed by treatments with or
without gemcitabine (0.1 mM), PMA (100 nM), or CPAF (100 nM), and incubated for 4 h. We observed
that WEB2086 significantly attenuated gemcitabine- and CPAF-mediated, but not PMA-induced,
MVP release in PANC-1 cells (Figure 3A). Importantly, WEB2086, which blocked CPAF-mediated
MVP release, did not exert any effects on PMA-induced MVP release in Hs766T cells (Figure 3B).
These findings further confirmed that PAF-R expression augments gemcitabine-mediated MVP release.
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Figure 3. Effect of PAF-R antagonist on gemcitabine-induced MVP release. (A) PANC-1 and (B) cells
were pretreated with PAF-R antagonist, WEB2086 (10 uM, 1 h) followed by treatments with or without
PMA, CPAF, or GEM at given doses. After 4 h of incubation, MVPs were isolated and analyzed.
Data are representative of mean + SD of three independent experiments, normalized to 1 x 100 cells.
The sign (* = p < 0.05) denotes statistically significant differences between control (CT) vs. PMA, CPAF,
or GEM groups, and (® = p < 0.05) between CPAF vs. WEB + CPAF, and (* = p < 0.05) between GEM
vs. WEB + GEM groups. The sign NS denotes non-significant differences compared to PMA, CPAF, or
GEM groups.

2.3. Inhibition of Acid Sphingomyelinase Enzyme Blocks Gemcitabine-Induced MVP Release

Activation of acid sphingomyelinase enzyme (aSMase) induces MVP generation, and its inhibition
via an aSMase-specific inhibitor, imipramine, has been shown to block MVP release [32]. Our next
studies determined if gemcitabine-mediated MVP release occurs via the aSMase pathway. To that end,
PANC-1 and Hs766T cells were pretreated with imipramine (20 uM) for 1 h, followed by treatments
with or without gemcitabine (0.1 mM), PMA (100 nM), or CPAF (100 nM) for 4 h, as described. We
observed that imipramine blocked not only gemcitabine, but also PMA and CPAF-mediated MVP
release in PANC-1 (Figure 4A) or Hs766T (Figure 4B) cells, indicating the role of aSMase in MVP release.
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Figure 4. aSMase inhibition abrogates GEM-induced MVP release. (A) PANC-1 and (B) Hs766T cells
were pretreated with aSMase inhibitor, imipramine (20 uM, 1 h), followed by treatments with or
without PMA, CPAF, or GEM at given doses. After 4 h of incubation, MVPs were isolated and analyzed.
Data are representative of mean + SD of three independent experiments, normalized per 1 x 10° cells.
The signs (* = p < 0.05) denote statistically significant differences between control (CT) vs. PMA, CPAF,
or GEM groups, and (% = p < 0.05) between PMA vs. IMI + PMA, (¥ = p < 0.05) between CPAF vs.
IMI + CPAF, and (* = p < 0.05) between GEM vs. IMI + GEM group. NS denotes non-significant
differences compared to CPAF or GEM groups.
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2.4. MVPs from Gemcitabine-Treated Cells Contain PAF-R Agonists

Multiple studies have demonstrated that MVPs contain bioactive components, including
lipids [16-18]. As therapeutic agents, including chemotherapeutic agents, generate PAF-R agonists
from tumor cells [6,7], we next tested if MVPs released by gemcitabine contain PAF-R agonists. To that
end, PANC-1 cells were treated with or without gemcitabine (0.1 mM) or PMA (100 nM) as a positive
control, and incubated for 4 h. MVPs were isolated from various treatments, and lipids extracted
per our previous reports [4,6] were added separately to PAF-R-expressing KBP and -deficient KBM
cells. These cells were also treated with or without CPAF (1 nM). After 6 h of incubation, supernatants
were analyzed for interleukin 8 (IL-8) as a surrogate marker of PAF-R agonists, as per previous
reports [4,6]. This is a well-established methodology to define the PAF-R agonistic activity of various
stimuli (Figure 5A). We observed that MVPs released as a result of gemcitabine contain PAF-R agonists
comparable to the level of CPAF added directly to KBP cells (Figure 5B), and these did not induce IL-8
release from KBM cells.
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Figure 5. GEM-secreted MVPs contain PAF-R agonists. (A) Schematic representation of KBP-PAFR
model system. (B) In this assay, human KBP (PAF-R+) cells were treated with lipid extracts from
MVPs isolated from control (CT) PMA (100 nM) or gemcitabine (0.1 mM)-treated PANC-1 cells. KBP
cells treated with vehicle (Veh) or CPAF (1 nM) served as negative and positive controls. After 6 h of
incubation, supernatants were collected, and IL-8 levels (mean + SD, pg/MVP from 1 X 1010 cells,
from 3 independent experiments) were measured as a surrogate marker for PAF-R agonist generation.

2.5. MAPK Pathway Mediates PAF-R-Dependent Gemcitabine-Induced MVP Release

Several cellular signaling pathways have been implicated in mediating PAF-R-dependent effects
in response to stimuli such as chemotherapy [8-11]. As MAPK pathways play a central role in several
cellular activities of cancer cells, we evaluated MAPK pathway, in particular, roles of extracellular
signal-regulated kinase (ERK1/2) and p38, to define the mechanism of PAF-R-dependent effect on
gemcitabine-mediated MVP release. To that end, PANC-1 cells were pretreated with inhibitors of
either ERK1/2 (PD98059; 10 uM) or P38 (SB202190; 10 uM), followed by treatment with or without
gemcitabine (0.1 mM) with negative and positive controls. Our studies demonstrate that inhibitors of
both ERK1/2 and P38 pathways blocked gemcitabine-mediated MVP release (Figure 6), indicating the
roles of ERK1/2 and p38 in this event. The schematic representation of the working model is shown in
Figure 7.
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Figure 6. MAPK pathway inhibitors block GEM-induced MVP release. PANC-1 cells were pretreated
with inhibitors of ERK1/2 (PD98059;10 uM) or p38 (SB203580; 10 uM) for 1 h, followed by treatments
with or without PMA, CPAF or GEM at given doses. After 4 h, MVPs were isolated and analyzed.
Data are representative of mean + SD of three independent experiments, normalized to 1 x 10° cells.
The sign (* = p < 0.05) denotes statistically significant differences between CT and PMA, CPAF, or GEM
groups. (* = p < 0.05) between PD vs. PD + GEM, and (¥ = p < 0.05) between SB vs. SB + GEM group.

ChemoRXx (e.g. Gemcitabine)

}

Pancreatic cancer cells

i
PAF-R agonists
{ i
PAF-R Activation %

}
| ERK1/2 &
MAPK pathway p38 inhibitors
{
aSMase
{
Release of MVP containing
PAF-R agonists

| Imipramine

Figure 7. Proposed model of ChemoRx-induced effects on PAF-R-dependent gemcitabine-induced

MVP release. The sign J— denotes inhibition.

3. Discussion

As pancreatic cancer-associated mortality is on rise, several novel targets/approaches are being
explored to enhance the treatment effectiveness for this malignancy. Considering the important roles
of PAF-R in augmenting the growth and/or impeding the efficacy of cancer therapies in several
experimental tumor model systems [3-11], the current studies determined the potential role and
mechanism of functional PAF-R in mediating gemcitabine-induced MVP release in pancreatic cancer
cells. MVPs are heterogeneous, membrane-bound bioactive extracellular vesicles which are released
from the surface of various cell types, including tumor cells in response to stimuli, including anti-tumor
agents [14-17]. Based upon the origins/cell types, MVPs have been referred to as shedding vesicles,
ectosomes, oncosomes, shedding bodies, and microparticles. These MVPs have been implicated in
mediating the biological activities of cells due to their ability to carry bioactive components, including
lipids [12-17].

Our first studies using PAF-R-expressing PANC-1 and -deficient Hs766T pancreatic cancer
cells demonstrated that exposure of gemcitabine, similar to a known PAF-R agonist, CPAF,
induces the release of MVPs in a PAF-R-dependent manner. Nevertheless, treatment with PMA
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induced MVP release from both PANC-1 and Hs766T cells, confirming the importance of PAF-R in
gemcitabine-induced MVP secretion. No further increase in MVPs was noted with higher doses of
gemcitabine. Although, the exact reason for this discrepancy is not clear, it is possible that the higher
doses of gemcitabine, due to increased PAF-agonist production, could desensitize the PAF-R, similar to
that observed in another report of CPAF treatment in PAF-R-expressing HaCaT cells [17]. These results
are consistent with the recent reports from our group, that exposure to pro-oxidative stressor, such as
UVB radiation, resulted in significant levels of MVP release from epidermal HaCaT and KBP cells in a
PAF-R-dependent manner [16,17]. Similar to our current studies, this UVB-mediated effect on MVP
release was mimicked by CPAF [16,17]. These findings also indicate that agents with pro-oxidative
stressor properties can induce MVP release from various cells, yet these effects could be mediated via
a PAF-R-dependent manner.

To further confirm the role of the PAF-R in gemcitabine-mediated MVP release, our studies
demonstrate that PAF-R blockade via a known PAF-R antagonist, WEB2086, significantly attenuated
MVP release by gemcitabine, similar to what is observed with CPAF treatment. However,
WEB2086 did not attenuate PMA-induced MVP release, indicating the involvement of the PAF-R
in gemcitabine-mediated effects. Multiple studies support our findings that blockade of the PAF-R
via specific antagonists, including WEB2086, attenuate PAF-R-dependent effects of various stimuli,
including therapeutic agents, in several model systems [5,7,10,29,30,33].

The biogenesis underlying MVP formation and secretion are governed by multiple pathways,
including the one dependent on lipid raft composition, and the activity of aSMase [34,35]. The aSMase
hydrolyzes sphingomyelin to the sphingolipid ceramide which, upon activation of the MAPK
(i.e., p38) pathway, induces the translocation of aSMase to the plasma membrane, resulting in the
shedding/release of MVPs [34,35]. Imipramine, a member of tricyclic antidepressants (TCA), which
belongs to the dibenzoazepine group, has been shown to inhibit aSMase via inducing its degradation
and, thus, inhibition of MVP generation [36,37]. To that end, our next studies determine the effects of
imipramine in gemcitabine-mediated MVP release, and demonstrate that pretreatment of imipramine
blocked not only gemcitabine, but also CPAF- and PMA-mediated MVP release from pancreatic cancer
cells, indicating the role of aSMase in this effect.

Given that pro-oxidative stressors, including UVB and therapeutic agents, generate PAF-R
agonists, which can be quantitatively accessed via measuring IL-8 secretion as a surrogate marker [1-7],
and that these PAF-R agonists are transported via MVPs [16,17], in the current study, we wondered
if gemcitabine-released MVPs contain these metabolically labile PAF-R agonists. Using this
well-established approach, our studies demonstrate that the lipid extracts from gemcitabine-treated
MVPs from PANC-1 cells contain measurable amounts of PAF-R agonists, comparable to CPAF directly
added to KBP cells, compared to MVPs from vehicle-treated cells.

Given the intriguing roles of MAPK pathways, in particular, p38 MAPK activation in aSMase-mediated
MVP release [35], and ERK1/2 pathway in mediating PAF-R-dependent effects in response to various
stimuli [33,38—40], we sought to define the mechanism of PAF-R-dependent gemcitabine-induced MVP
release, by evaluating the roles of p38 and ERK1/2 pathways. Our studies demonstrate that pretreatment of
PANC-1 cells with inhibitors of p38 and ERK1/2 significantly attenuated gemcitabine-induced release of
MVP. These findings indicate the involvements of both p38 and ERK1/2 pathways as potential mechanisms
of PAF-R-gemcitabine-mediated MVP release.

These studies are consistent with the recent report demonstrating that gemcitabine treatment
of pancreatic cancer cells triggers MVP release in various proportions/amounts, which correlated
with the abilities of various cells to resist gemcitabine effects at different sensitivities [41]. Similar to
our studies that only PANC-1 cells, but not Hs766T cells, were able to release MVPs in response to
gemcitabine, it is possible that some of the pancreatic cancer cells which exhibited increased sensitivity
to gemcitabine-mediated MVP release in this study [41], were PAF-R-expressing, and others showing
less sensitivity to gemcitabine effects were PAF-R-deficient.
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In summary, the current studies highlighted the potential role, and mechanism, of the PAF-R
in gemcitabine-mediated MVP release in pancreatic cancer cells. Importantly, given the crucial roles
of PAF-R in modulating the efficacy of therapeutic agents, these studies provide the rationale of
evaluating chemotherapeutic MVP-based approaches to combat pancreatic cancer.

4. Materials and Methods

4.1. Reagents

The RNA extraction kit was purchased from Qiagen Sciences (Germantown, MD, USA).
The SuperScript™ FirstStrand cDNA Synthesis kit, and SYBR green PCR reagent were purchased from
Invitrogen Life Technologies (Carlsbad, CA, USA). The PAF-R and GAPDH primers were purchased
from SABiosciences (Valencia, CA, USA). The PAF-R antagonist, WEB2086, CPAF, and imipramine
were purchased from Cayman Chemicals Co. (Ann Arbor, MI, USA). The human IL-8 ELISA kit
was from R&D Systems (Minneapolis, MN). All other reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

4.2. Cell Culture

Human PANC-1 and Hs766T pancreatic cancer cells were procured from ATCC (Manassas, VA,
USA) and cultured in DMEM media (Life Technologies, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (Corning, NY, USA), and a 100 ng/mL mixture of penicillin and streptomycin
(Lonza, Walkersville, MD, USA). Similarly, KBP and KBM cells were maintained in DMEM media
supplemented with 10% fetal bovine serum and 100 pg/mL mixture of penicillin and streptomycin, as
previously described by us [42].

4.3. Reverse Transcription-Quantitative PCR (RT-qPCR)

The mRNA expression of PAF-R was analyzed in the human PANC-1 and Hs766T cells using
RT-qPCR, and the expression levels were normalized with GAPDH, as described previously [3,30].
The KBP and KBM cells were used as positive and negative controls. Briefly, the cells were homogenized
using an RLT buffer containing 3-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). The total RNA
was extracted using a Qiagen RNeasy kit according to the manufacturer’s instructions. The purified
RNA was quantified using a NanoDrop 2000 (Thermo Fisher Scientific, Inc., Lafayette, CO, USA) and
reverse transcribed with a SuperScript cDNA Synthesis kit containing random hexamers. The cDNA
was analyzed for the PAF-R mRNA using a SYBR green-based, quantitative fluorescent PCR method.
The fluorescence was detected using a StepOne Real-Time PCR machine (Applied Biosystems, Foster City,
CA, USA). The quantification of each PCR product was normalized to GAPDH using the 2 AACt ethod.

4.4. Assessment of Microvesicle Particle Release

MVPs were collected from culture medium as previously described [16,17]. In brief, the PANC-1
and Hs766T cells were treated with or without gemcitabine (0.1, 0.5, and 1 mM) and incubated for 4
h. These cells treated with CPAF (100 nM) or PMA (100 nM) served as positive controls. After 4 h,
the culture medium was collected, and centrifuged at 2000 x g for 20 min to remove cells and debris.
The supernatant was collected, and subjected to centrifugation at 20,000 x g for 70 min, and the resulting
pellet was the isolated MVP. The concentration of the MVPs was detected by using a NanoSight NS300
instrument (NanoSight Ltd.), and regarded as the number of MVPs per mL of culture medium, as
described [16,17]. In separate experiments, the cells were pretreated either with PAF-R antagonist
(WEB2086; 10 uM) or inhibitors of MVP release (Imipramine; 20 uM) or ERK1/2 (PD98059; 10 uM), or
P38 (5SB202190; 10 uM) pathway, followed by isolation and measurement of MVPs as described.
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4.5. Measurement of Interleukin 8 (IL-8) Release

PANC-1 cells were treated with or without PMA (100 nM) or gemcitabine (0.1 mM), and cultured
for 4 h followed by lipid extraction. KBP and KBM cells were treated with these lipid extracts, and with
CPAF (1 nM), and incubated for 6 h. Supernatants were collected, and IL-8 release in the supernatant
(as a surrogate marker of PAF-agonists) was measured by human IL-8 ELISA kit (R & D Systems), as
previously described [2,4].

4.6. Statistical Analysis

Statistical analysis was assessed by GraphPad Prism software version 5.0 (GraphPad software,
San Diego, CA, USA). All in vitro experiments were repeated, independently, at least three times. Data
were analyzed by Student’s t-test or one-way ANOVA with post hoc Bonferroni’s multiple comparison
tests. p < 0.05 was considered to indicate a statistically significant difference.
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Abbreviations

PAF platelet-activating factor

PAF-R platelet-activating factor-receptor
MVP microvesicle particles

CPAF 1-hexadecyl-2-N-methylcarbamoyl glycerophosphocholine
GEM gemcitabine

PMA phorbol 12-myristate 13-acetate
aSMase acid sphingomyelinase

MAPK mitogen-activated protein kinase
ERK1/2 extracellular signal-regulated kinase
References

1.  Zhang, Q.; Yao, Y.; Konger, R.L.; Sinn, A.L.; Cai, S.; Pollok, K.E.; Travers, J.B. UVB radiation-mediated
inhibition of contact hypersensitivity reactions is dependent on the platelet-activating factor system.
J. Investig. Dermatol. 2008, 128, 1780-1787. [CrossRef] [PubMed]

2. Ferracini, M.; Sahu, R.P; Harrison, K.A.; Waeiss, R.A.; Murphy, R.C,; Jancar, S.; Konger, R.L.; Travers, J.B.
Topical photodynamic therapy induces systemic immunosuppression via generation of platelet-activating
factor receptor ligands. J. Investig. Dermatol. 2015, 135, 321-323. [CrossRef] [PubMed]

3.  Sahu, R.P; Turner, M.].; DaSilva, S.C.; Rashid, B.M.; Ocana, ].A.; Perkins, S.M.; Konger, R.L.; Touloukian, C.E.;
Kaplan, M.H.; Travers, ].B. The environmental stressor ultraviolet B radiation inhibits murine anti-tumor
immunity through its ability to generate Platelet-activating factor agonists. Carcinogenesis 2012, 33, 1360-1367.
[CrossRef]

4. Sahu, R.P; Harrison, K.A.; Weyerbacher, J.; Murphy, R.C.; Konger, R.L.; Garrett, ].E.; Chin-Sinex, H.J.;
Johnston, M.E., 2nd; Dynlacht, ].R.; Mendonca, M.; et al. Radiation therapy generates platelet-activating
factor agonists. Oncotarget 2016, 7, 20788-20800. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/sj.jid.5701251
http://www.ncbi.nlm.nih.gov/pubmed/18200048
http://dx.doi.org/10.1038/jid.2014.313
http://www.ncbi.nlm.nih.gov/pubmed/25050596
http://dx.doi.org/10.1093/carcin/bgs152
http://dx.doi.org/10.18632/oncotarget.7878
http://www.ncbi.nlm.nih.gov/pubmed/26959112

Int. ]. Mol. Sci. 2019, 20, 32 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Onuchic, A.C.; Machado, C.M.; Saito, R.E; Rios, EJ.; Jancar, S.; Chammas, R. Expression of PAFR as part of a
prosurvival response to chemotherapy: A novel target for combination therapy in melanoma. Med. Inflamm.
2012, 2012, 175408. [CrossRef] [PubMed]

Sahu, R.P; Ocana, J.A.; Harrison, K.A.; Ferracini, M.; Touloukian, C.E.; Al-Hassani, M.; Sun, L.; Loesch, M.;
Murphy, R.C.; Althouse, S.K.; et al. Chemotherapeutic agents subvert tumor immunity by generating
agonists of platelet-activating factor. Cancer Res. 2014, 74, 7069-7078. [CrossRef] [PubMed]

da Silva, LA, Jr.; Chammas, R.; Lepique, A.P; Jancar, S. Platelet-activating factor (PAF) receptor as a promising
target for cancer cell repopulation after radiotherapy. Oncogenesis 2017, 6, €296. [CrossRef]

Kim, H.A.; Kim, KJ.; Seo, KH.; Lee, HK.; Im, S.Y. PTEN/MAPK pathways play a key role in platelet-activating
factor in experimental pulmonary tumor metastasis. FEBS Lett. 2012, 586, 4296—4302. [CrossRef]

Chen, J; Lan, T.; Zhang, W.; Dong, L.; Kang, N.; Zhang, S.; Fu, M.; Liu, B.; Liu, K,; Zhang, C.; et al.
Platelet-activating factor receptor-mediated PI3K/AKT activation contributes to the malignant development
of esophageal squamous cell carcinoma. Oncogene 2015, 34, 5114-5127. [CrossRef]

Chen, J.; Lan, T.; Zhang, W.; Dong, L.; Kang, N.; Zhang, S.; Fu, M.; Liu, B.; Liu, K.; Zhan, Q. Feed-Forward
Reciprocal Activation of PAFR and STAT3 Regulates Epithelial-Mesenchymal Transition in Non-Small Cell
Lung Cancer. Cancer Res. 2015, 75, 4198-4210. [CrossRef]

Aponte, M.; Jiang, W.; Lakkis, M.; Li, M.].; Edwards, D.; Albitar, L.; Vitonis, A.; Mok, S.C.; Cramer, D.W.;
Ye, B. Activation of platelet-activating factor receptor and pleiotropic effects on tyrosine phospho-EGFR
/Src/FAK/paxillin in ovarian cancer. Cancer Res. 2008, 68, 5839-5848. [CrossRef] [PubMed]

Lane, RE.; Korbie, D.; Hill, M.M.; Trau, M. Extracellular vesicles as circulating cancer biomarkers:
Opportunities and challenges. Clin. Transl. Med. 2018, 7, 14. [CrossRef] [PubMed]

Rilla, K.; Mustonen, A.M.; Arasu, U.T.; Harkonen, K.; Matilainen, J.; Nieminen, P. Extracellular vesicles are
integral and functional components of the extracellular matrix. Matrix Biol. 2017. [CrossRef] [PubMed]
Qiu, J; Yang, G.; Feng, M.; Zheng, S.; Cao, Z.; You, L.; Zheng, L.; Zhang, T.; Zhao, Y. Extracellular vesicles
as mediators of the progression and chemoresistance of pancreatic cancer and their potential clinical
applications. Mol. Cancer 2018, 17, 2. [CrossRef] [PubMed]

Wu, K; Xing, E; Wu, S.Y.; Watabe, K. Extracellular vesicles as emerging targets in cancer: Recent development
from bench to bedside. Biochim. Biophys. Acta 2017, 1868, 538-563. [CrossRef]

Fahy, K.; Liu, L.; Rapp, C.M.; Borchers, C.; Bihl, ]J.C.; Chen, Y.; Simman, R.; Travers, ].B. UVB-generated
Microvesicle Particles: A Novel Pathway by Which a Skin-specific Stimulus Could Exert Systemic Effects.
Photochem. Photobiol. 2017, 93, 937-942. [CrossRef] [PubMed]

Bihl, J.C.; Rapp, C.M.; Chen, Y,; Travers, ].B. UVB Generates Microvesicle Particle Release in Part Due to
Platelet-activating Factor Signaling. Photochem. Photobiol. 2016, 92, 503-506. [CrossRef]

Record, M; Silvente-Poirot, S.; Poirot, M.; Wakelam, M.].O. Extracellular vesicles: Lipids as key components
of their biogenesis and functions. J. Lipid Res. 2018, 59, 1316-1324. [CrossRef]

Schauberger, E.; Peinhaupt, M.; Cazares, T.; Lindsley, A.W. Lipid Mediators of Allergic Disease: Pathways,
Treatments, and Emerging Therapeutic Targets. Curr. Allergy Asthma Rep. 2016, 16, 48. [CrossRef]

Siegel, R.; Naishadham, D.; Jemal, A. Cancer statistics, 2013. CA Cancer |. Clin. 2013, 63, 11-30. [CrossRef]
Hidalgo, M. Pancreatic cancer. N. Engl. ]. Med. 2010, 362, 1605-1617. [CrossRef] [PubMed]

Chand, S.; O’Hayer, K.; Blanco, EF.; Winter, ].M.; Brody, ].R. The Landscape of Pancreatic Cancer Therapeutic
Resistance Mechanisms. Int. J. Biol. Sci. 2016, 12, 273-282. [CrossRef] [PubMed]

Oberstein, PE.; Olive, K.P. Pancreatic cancer: Why is it so hard to treat? Ther. Adv. Gastroenterol. 2013, 6,
321-337. [CrossRef] [PubMed]

Chiorean, E.G.; Coveler, A.L. Pancreatic cancer: Optimizing treatment options, new, and emerging targeted
therapies. Drug Des. Dev. Ther. 2015, 9, 3529-3545. [CrossRef] [PubMed]

Junttila, M.R.; Devasthali, V.; Cheng, J.; Castillo, J.; Metcalfe, C.; Clermont, A.C.; Otter, D.D.; Chan, E,;
Bou-Reslan, H.; Cao, T.; et al. Modeling targeted inhibition of MEK and PI3 kinase in human pancreatic
cancer. Mol. Cancer Ther. 2015, 14, 40-47. [CrossRef] [PubMed]

Infante, ].R.; Somer, B.G.; Park, ]J.O.; Li, C.P,; Scheulen, M.E.; Kasubhai, S.M.; Oh, D.Y.; Liu, Y.; Redhu, S.;
Steplewski, K.; et al. A randomised, double-blind, placebo-controlled trial of trametinib, an oral MEK
inhibitor, in combination with gemcitabine for patients with untreated metastatic adenocarcinoma of the
pancreas. Eur. J. Cancer 2014, 50, 2072-2081. [CrossRef] [PubMed]


http://dx.doi.org/10.1155/2012/175408
http://www.ncbi.nlm.nih.gov/pubmed/22570511
http://dx.doi.org/10.1158/0008-5472.CAN-14-2043
http://www.ncbi.nlm.nih.gov/pubmed/25304264
http://dx.doi.org/10.1038/oncsis.2016.90
http://dx.doi.org/10.1016/j.febslet.2012.10.034
http://dx.doi.org/10.1038/onc.2014.434
http://dx.doi.org/10.1158/0008-5472.CAN-15-1062
http://dx.doi.org/10.1158/0008-5472.CAN-07-5771
http://www.ncbi.nlm.nih.gov/pubmed/18632638
http://dx.doi.org/10.1186/s40169-018-0192-7
http://www.ncbi.nlm.nih.gov/pubmed/29855735
http://dx.doi.org/10.1016/j.matbio.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29066152
http://dx.doi.org/10.1186/s12943-017-0755-z
http://www.ncbi.nlm.nih.gov/pubmed/29304816
http://dx.doi.org/10.1016/j.bbcan.2017.10.001
http://dx.doi.org/10.1111/php.12703
http://www.ncbi.nlm.nih.gov/pubmed/28039861
http://dx.doi.org/10.1111/php.12577
http://dx.doi.org/10.1194/jlr.E086173
http://dx.doi.org/10.1007/s11882-016-0628-3
http://dx.doi.org/10.3322/caac.21166
http://dx.doi.org/10.1056/NEJMra0901557
http://www.ncbi.nlm.nih.gov/pubmed/20427809
http://dx.doi.org/10.7150/ijbs.14951
http://www.ncbi.nlm.nih.gov/pubmed/26929734
http://dx.doi.org/10.1177/1756283X13478680
http://www.ncbi.nlm.nih.gov/pubmed/23814611
http://dx.doi.org/10.2147/DDDT.S60328
http://www.ncbi.nlm.nih.gov/pubmed/26185420
http://dx.doi.org/10.1158/1535-7163.MCT-14-0030
http://www.ncbi.nlm.nih.gov/pubmed/25376606
http://dx.doi.org/10.1016/j.ejca.2014.04.024
http://www.ncbi.nlm.nih.gov/pubmed/24915778

Int. ]. Mol. Sci. 2019, 20, 32 11 0f 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hong, J.Y.; Nam, EM,; Lee, |.; Park, J.O.; Lee, S.C.; Song, S.Y.; Choi, S.H.; Heo, ].S.; Park, S.H.; Lim, H.Y; et al.
Randomized double-blinded, placebo-controlled phase II trial of simvastatin and gemcitabine in advanced
pancreatic cancer patients. Cancer Chemother. Pharmacol. 2014, 73, 125-130. [CrossRef] [PubMed]

Kim, S.T.; Lim, D.H,; Jang, K.T.; Lim, T.; Lee, J.; Choi, Y.L.; Jang, H.L.; Yi, ].H.; Baek, K.K.; Park, S.H.;
et al. Impact of KRAS mutations on clinical outcomes in pancreatic cancer patients treated with first-line
gemcitabine-based chemotherapy. Mol. Cancer Ther. 2011, 10, 1993-1999. [CrossRef]

Sahu, R.P; Petrache, I.; Turner, M.J.; Rashid, B.M.; Ocana, J.A.; Tang, Y.; Qi, Y.; Turner, M.]J.; Konger, R.L.;
Travers, ].B. Cigarette smoke exposure inhibits contact hypersensitivity via the generation of platelet-activating
factor agonists. J. Immunol. 2013, 190, 2247-2254. [CrossRef]

Sahu, R.P. Expression of the platelet-activating factor receptor enhances benzyl isothiocyanate-induced
apoptosis in murine and human melanoma cells. Mol. Med. Rep. 2015, 12, 394-400. [CrossRef]

de Oliveira, S.I.; Andrade, L.N.; Onuchic, A.C.; Nonogaki, S.; Fernandes, P.D.; Pinheiro, M.C.; Rohde, C.B.;
Chammas, R.; Jancar, S. Platelet-activating factor receptor (PAF-R)-dependent pathways control tumour
growth and tumour response to chemotherapy. BMC Cancer 2010, 10, 200. [CrossRef] [PubMed]

Deng, L.; Peng, Y; Jiang, Y.; Wu, Y,; Ding, Y.; Wang, Y.; Xu, D.; Fu, Q. Imipramine Protects against Bone Loss
by Inhibition of Osteoblast-Derived Microvesicles. Int. J. Mol. Sci. 2017, 18, 1013. [CrossRef] [PubMed]
Marques, S.A.; Dy, L.C.; Southall, M.D.; Yi, Q.; Smietana, E.; Kapur, R.; Marques, M.; Travers, ].B.;
Spandau, D.F. The platelet-activating factor receptor activates the extracellular signal-regulated kinase
mitogen-activated protein kinase and induces proliferation of epidermal cells through an epidermal growth
factor-receptor-dependent pathway. J. Pharmacol. Exp. Ther. 2002, 300, 1026-1035. [CrossRef] [PubMed]
Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases
2017, 8, 220-232. [CrossRef] [PubMed]

Turola, E.; Furlan, R.; Bianco, F.; Matteoli, M.; Verderio, C. Microglial microvesicle secretion and intercellular
signaling. Front. Physiol. 2012, 3, 149. [CrossRef] [PubMed]

Bianco, F; Perrotta, C.; Novellino, L.; Francolini, M.; Riganti, L.; Menna, E.; Saglietti, L.; Schuchman, E.H.;
Furlan, R.; Clementi, E.; et al. Acid sphingomyelinase activity triggers microparticle release from glial cells.
EMBO J. 2009, 28, 1043-1054. [CrossRef] [PubMed]

Albouz, S.; Hauw, ].J.; Berwald-Netter, Y.; Boutry, ]. M.; Bourdon, R.; Baumann, N. Tricyclic antidepressants
induce sphingomyelinase deficiency in fibroblast and neuroblastoma cell cultures. Biomedicine 1981, 35,
218-220. [PubMed]

Wu, X,; Zimmerman, G.A.; Prescott, S.M.; Stafforini, D.M. The p38 MAPK pathway mediates transcriptional
activation of the plasma platelet-activating factor acetylhydrolase gene in macrophages stimulated with
lipopolysaccharide. J. Biol. Chem. 2004, 279, 36158-36165. [CrossRef] [PubMed]

Kim, N.; Kang, M.J.; Lee, S.H.; Son, J.H.; Lee, ].E.; Paik, WH.; Ryu, ] K.; Kim, Y.T. Fisetin Enhances the
Cytotoxicity of Gemcitabine by Down-regulating ERK-MYC in MiaPaca-2 Human Pancreatic Cancer Cells.
Anticancer Res. 2018, 38, 3527-3533. [CrossRef] [PubMed]

Li, Y; Xi, Z.; Chen, X,; Cai, S.; Liang, C.; Wang, Z; Li, Y.; Tan, H.; Lao, Y.; Xu, H. Natural compound
Oblongifolin C confers gemcitabine resistance in pancreatic cancer by downregulating Src/MAPK/ERK
pathways. Cell Death Dis. 2018, 9, 538. [CrossRef] [PubMed]

Muralidharan-Chari, V.; Kohan, H.G.; Asimakopoulos, A.G.; Sudha, T.; Sell, S.; Kannan, K.; Boroujerdi, M.;
Davis, PJ.; Mousa, S.A. Microvesicle removal of anticancer drugs contributes to drug resistance in human
pancreatic cancer cells. Oncotarget 2016, 7, 50365-50379. [CrossRef] [PubMed]

Thyagarajan, A.; Saylae, J.; Sahu, R.P. Acetylsalicylic acid inhibits the growth of melanoma tumors via
SOX2-dependent-PAF-R-independent signaling pathway. Oncotarget 2017, 8, 49959-49972. [CrossRef]
[PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00280-013-2328-1
http://www.ncbi.nlm.nih.gov/pubmed/24162380
http://dx.doi.org/10.1158/1535-7163.MCT-11-0269
http://dx.doi.org/10.4049/jimmunol.1202699
http://dx.doi.org/10.3892/mmr.2015.3371
http://dx.doi.org/10.1186/1471-2407-10-200
http://www.ncbi.nlm.nih.gov/pubmed/20465821
http://dx.doi.org/10.3390/ijms18051013
http://www.ncbi.nlm.nih.gov/pubmed/28481322
http://dx.doi.org/10.1124/jpet.300.3.1026
http://www.ncbi.nlm.nih.gov/pubmed/11861812
http://dx.doi.org/10.1080/21541248.2016.1215283
http://www.ncbi.nlm.nih.gov/pubmed/27494381
http://dx.doi.org/10.3389/fphys.2012.00149
http://www.ncbi.nlm.nih.gov/pubmed/22661954
http://dx.doi.org/10.1038/emboj.2009.45
http://www.ncbi.nlm.nih.gov/pubmed/19300439
http://www.ncbi.nlm.nih.gov/pubmed/6285997
http://dx.doi.org/10.1074/jbc.M402454200
http://www.ncbi.nlm.nih.gov/pubmed/15215249
http://dx.doi.org/10.21873/anticanres.12624
http://www.ncbi.nlm.nih.gov/pubmed/29848706
http://dx.doi.org/10.1038/s41419-018-0574-1
http://www.ncbi.nlm.nih.gov/pubmed/29749405
http://dx.doi.org/10.18632/oncotarget.10395
http://www.ncbi.nlm.nih.gov/pubmed/27391262
http://dx.doi.org/10.18632/oncotarget.18326
http://www.ncbi.nlm.nih.gov/pubmed/28636992
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Gemcitabine Treatments Release MVP in a PAF-R-Dependent Manner 
	Blockade of PAF-R Attenuate Gemcitabine-Induced MVP Release 
	Inhibition of Acid Sphingomyelinase Enzyme Blocks Gemcitabine-Induced MVP Release 
	MVPs from Gemcitabine-Treated Cells Contain PAF-R Agonists 
	MAPK Pathway Mediates PAF-R-Dependent Gemcitabine-Induced MVP Release 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Culture 
	Reverse Transcription-Quantitative PCR (RT-qPCR) 
	Assessment of Microvesicle Particle Release 
	Measurement of Interleukin 8 (IL-8) Release 
	Statistical Analysis 

	References

