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Prostaglandin E2 serves a dual role in regulating
the migration of dendritic cells
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Abstract. Dendritic cells (DCs) are the most potent
antigen-presenting cells, and are indispensable in the immune
system. Prostaglandin E2 (PGE,) has been demonstrated to
modulate the migration of DCs, but with inconsistent results.
The present study, based on our previous research, used murine
bone marrow-derived DCs to elucidate the potential regula-
tory mechanism of PGE, on the migration of DCs. The results
indicated that PGE, served a dual role in regulating the migra-
tion of DCs in a dose-dependent manner. High concentrations
of PGE, inhibited cell migration, whereas low concentrations
exhibited the opposite effect. Flow cytometry revealed that
the expression of CC chemokine receptor type 7 on the DC
surface was increased following treatment with low concentra-
tions of PGE, and slightly decreased by high concentrations
of PGE,. The effect of PGE, was indicated to be exerted via
reorganizing the F-actin cytoskeleton using confocal micros-
copy. Moreover, the regulatory effect of PGE, on the migration
of DCs was validated in vivo. Subsequent gene expression
profile analyses using RNA-sequencing technology indicated
that PGE, induced alterations in the expression of multiple
downstream genes and signaling pathway molecules associ-
ated with cell migration and the cytoskeleton. These findings
may provide an improved understanding on the mechanism
of DC migration under both pathological and physiological
conditions. Moreover, the biological implications of these find-
ings may provide a novel perspective of the immunological
surveillance in the progression of different types of diseases.
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Introduction

Dendritic cells (DCs) serve a critical role in coordinating
immune responses. The main function of DCs is to search their
environment for foreign antigens and present these antigens
on their cell surface to T cells. They also act as messengers
between the innate and the adaptive immune system (1). Once
activated by injury or inflammatory stimuli, DCs migrate to
the lymph nodes and stimulate T cells to differentiate and
commence a robust immune response (2). Therefore, main-
taining the normal migratory ability of DCs is crucial for the
normal function of the body's immune system. However, the
pathogenesis of numerous types of diseases, including chronic
myelocytic leukemia and several other types of cancers,
has been attributed to the deteriorated migratory ability of
DCs (3,4). For example, a previous study reported that endo-
metrial and cervical tumors were capable of inhibiting DC
migration from the lesion tissue to the draining lymph node,
which subsequently promoted the immune evasion of the
tumors (5). Therefore, it is important to determine the factors
that may affect the migration of DCs.

Prostaglandin E2 (PGE,) is generated by the cyclooxy-
genase conversion of arachidonic acid, which is released from
membrane phospholipids, modulating various pathological
and physiological processes (6). Moreover, PGE, has been
demonstrated to be a key modulator of DC function, including
the ability to regulate the migration of DCs (7). However, the
existing data regarding the role of PGE, are controversial.
Several reports have suggested that PGE, may improve the
migratory ability of DCs (8-10). On the other hand, a few
studies, including our previous study, have provided contra-
dictory results, suggesting an inhibitory role of PGE, in DC
migration (11,12). Therefore, it remains a priority to clarify
the regulatory mechanism of PGE, on the migratory ability
of DCs.

The present study used murine bone marrow-derived DCs
(BMDC:s) to clarify the modulatory mechanism of PGE, on
the migratory ability of DCs. The results of the current study
may provide an improved understanding on the mechanism
of DC migration under both pathological and physiological
conditions. Furthermore, the biological implications of these
findings may provide a different perspective of the immu-
nological surveillance in the progression of several types of
diseases.
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Materials and methods

Cell culture. The animal studies were approved by the
Research Council and Animal Care and Use Committee of
the Research Institute of Surgery, Daping Hospital, Third
Military Medical University (Chongqing, China). All experi-
ments conformed to the guidelines of ethical use of animals,
and all efforts were made to minimize animal suffering and
reduce the number of animals used. DCs were isolated from
mouse bone marrow as previously described with slight
modifications (13,14). C57BL/6 mice (male; age, 6-8 weeks;
weight, 20-25 g; n=40) were provided by the Experimental
Animal Center of Daping Hospital, Third Military Medical
University. Mice were maintained in a specific pathogen-free
environment at 22+2°C with 55+5% humidity under a 12-h
light/dark cycle. Food and water were provided ad libitum.
The health and behavior of the animals were monitored once
every morning and afternoon. The mice were sacrificed
by cervical dislocation. Death was confirmed by the lack
of pulse, breathing, corneal reflex, response to toe pinch,
respiratory sounds and heartbeat. Briefly, bone marrow
cells were flushed out from the femurs and tibias of mice
with a 1-ml syringe filled with RPMI-1640, and red cells
were subsequently removed using erythrocyte lysis fluid
(Beyotime Institute of Biotechnology). The remaining cells
were cultured in RPMI-1640 supplemented with 10% FBS
(both from Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml
penicillin, 100 pg/ml streptomycin, 20 ng/ml recombinant
granulocyte-macrophage colony-stimulating factor and IL-4
(both from PeproTech, Inc.). Cells were cultured at 37°C in
an atmosphere containing 5% CO,. On day 3, non-adherent
granulocytes were gently removed, and fresh media were
added. On day 7, the immature DCs were stimulated with
1 pg/ml LPS (MilliporeSigma) for 24 h. On day 8, mature
DCs were collected. In subsequent experiments, mature DCs
were treated with different concentrations of PGE, for 24 h.

Transwell migration assay. The lower chambers of 24-well
Transwell plates (8.0 pm pore size; MilliporeSigma) were
filled with 600 ul serum-free RPMI-1640 medium including
C-C motif chemokine 19 (CCL19; 100 ng/ml; PeproTech,
Inc.). DCs (1x10° cells in 0.1 ml) resuspended in serum-free
RPMI-1640 medium were seeded in the upper chambers of
the Transwell plates and allowed to migrate for 3 h at 37°C in
5% CO,. The numbers of migrated DCs that were harvested
from the medium of the lower chambers were counted with a
hemocytometer under an inverted microscope (DMi8; Leica
Microsystems GmbH; magnification, x100).

3D migration assay. DCs were mixed with a collagen matrix
(BD Matrigel; BD Biosciences; final concentration 1.7 mg/ml;
4.5x10° cells/ml; 45 ul cells/well) in migration chambers
(cat. no. 70326-10; CoverWell™ Perfusion Chamber; Electron
Microscopy Sciences). Theremaining space of the chambers was
filled with RPMI-1640 medium containing 200 ng/ml CCL19.
Migration of DCs was recorded by bright-field time-lapse video
microscopy at 37°C, which started 10 min after cell injec-
tion, using inverted microscopes (Observer Z1; Zeiss GmbH;
magnification, x100) fitted with 10x objectives and Axiocam
cameras (Zeiss GmbH). Cells were imaged at a frame rate of
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2 min up to 61 frames. Computer-assisted cell tracking was
performed with custom software (ImageJ v1.46r bundled
with 64-bit Java v1.6.0_20; National Institutes of Health). The
average speed was calculated as the step length per minute for
each cell. A total of 30 randomly selected cells were included
in one experiment.

Flow cytometry. DCs (1x10°%) were blocked for 15 min at 4°C with
PBS containing 0.5% BSA (MilliporeSigma), and subsequently
incubated with the respective antibodies for 30 min at 4°C. After
being washed twice with PBS, the cells were resuspended in
200 u1 PBS. The antibodies used included phycoerythrin-conju-
gated anti-mouse CD40 (1:100; cat. no. 12-0401), CD80 (1:100;
cat. no. 12-0801), CD86 (1:100; cat. no. 12-0862), major histo-
compatibility complex II (MHCII; 1:100; cat. no. 12-5321) and
C-C chemokine receptor type 7 (CCR7; 1:100; cat. no. 12-1971;
all from eBioscience; Thermo Fisher Scientific, Inc.). FACS
analysis was performed on a FACSCalibur flow cytometer using
CellQuest Pro software (version 6.0; BD Biosciences).

Western blotting. Western blotting was used to determine the
protein expression level. After treatment with different concen-
trations of PGE,, cell lysates were prepared by collecting
DCs in the cell lysis buffer for Western or IP (cat. no. P0013;
Beyotime Institute of Biotechnology). Protein concentration
was determined using BCA Protein Assay kit (cat. no. 23227,
Thermo Fisher Scientific, Inc.). Cell lysates containing
equal amounts of protein (30-50 ug) were subjected to a
10% SDS-PAGE. Proteins were transferred to nitrocellulose
membranes and subsequently blocked in TBS-0.05% Tween-20
buffer containing 5% BSA (MilliporeSigma). The membranes
were incubated with antibodies against phospho-paxillin
(Tyr118) (1:1,000; cat. no. orb14813; Biorbyt Ltd.), paxillin
(1:1,000; cat.no. orb89537; Biorbyt Ltd.) and GAPDH (1:2,000;
cat. no. 60004-1-Ig; ProteinTech Group, Inc.) overnight at 4°C.
Following incubation with HRP-conjugated goat anti-mouse
(1:1,000; cat. no. SA0O0001-1; ProteinTech Group, Inc.) or goat
anti-rabbit (1:1,000; cat. no. A0208; Beyotime Institute of
Biotechnology) secondary antibody at room temperature for
1 h, immunoreactivities were detected using SuperSignal™
West Pico PLUS Chemiluminescent Substrate (cat. no. 34577,
Thermo Fisher Scientific, Inc.). Densitometric analysis was
performed using ImagelJ software (ImageJ v1.46r bundled
with 64-bit Java v1.6.0_20; National Institutes of Health) with
protein expression levels normalized to GAPDH.

Immunofluorescence detection of F-actin cytoskeleton. DCs
(1x10%) were seeded on the coverslips coated with poly-L-Lysine
and incubated at 37°C overnight. The cells were subsequently
fixed with 4% paraformaldehyde at 4°C for 15 min, permea-
bilized with 0.1% Triton X-100 at room temperature for 5 min
and incubated with 1% BSA at room temperature for 30 min.
To detect F-actin, the cells were stained with a FITC-phalloidin
solution (5 ug/ml in 1% BSA-PBS; MilliporeSigma) for 45 min
at room temperature. Subsequently, the cells were counterstained
with DAPI for 5 min at room temperature. Fluorescent images
were acquired using confocal microscopy (magnification, x400).

In vivo migration assay. CSTBL/6 mice (n=5 per group; male;
age, 4-6 weeks; weight, 20-25 g) provided by the Experimental
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Figure 1. DC migration is modulated by PGE,. (A) The migratory capability of DCs was determined by Transwell migration assay. Data are representative of
five independent experiments and are presented as the mean = SEM. "P<0.05 vs. 0 ug/ml PGE,. (B) Tracks of individual DCs detected in 3D migration assay
after treatment with PGE,. (C) Migratory capability of DCs determined by 3D migration assay. Data are representative of three independent experiments and
are presented as the mean + SEM. P<0.05 vs. 0 ug/ml PGE,. DC, dendritic cell; PGE,, prostaglandin E2.

Animal Center of Daping Hospital, Third Military Medical
University, were maintained as aforementioned. The mice
were injected in the left footpad with 1x10° labeled DCs.
DCs were labeled with Qtracker™ 705 cell labeling kit
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. Animals injected with PBS were used as
controls. The experimental protocol lasted 48 h and no mice
died during the protocol. The mice were sacrificed by cervical
dislocation as aforementioned. The numbers of labeled DCs
collected from inguinal and popliteal lymph nodes were
determined by FACS. FACS analysis was performed on a
FACSCalibur flow cytometer using CellQuest Pro software
(version 6.0; BD Biosciences). For the detection of labeled
DCs in dissected tissues, the lymph nodes of mice were
dissected 48 h after injection of DCs, embedded in Tissue-Tek
OCT compound (Sakura Finetek USA, Inc.) and frozen in
liquid nitrogen. Cryosections (8 gm) were cut using a cryo-
stat (Leica Microsystems GmbH). The sections were dried
and frozen at -20°C before use. The slides were fixed with
acetone (15 min; 4°C) and counterstained with DAPI (5 min;
room temperature). Following washing with PBS, the slides
were mounted in 50% glycerol (in PBS) and examined using
fluorescence microscopy (magnification, x400).

RNA-sequencing (RNA-seq) analysis. Total RNAs of DCs
treated with 0, 2.5 and 10 ug/ml PGE, for 24 h were extracted
using TRIzol® Reagent (Thermo Fisher Scientific, Inc.)

according to the manufacturer's instructions. Qubit RNA Assay
Kit and Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Inc.)
were used to quantify the extracted RNA. Sequencing libraries
of mRNA were constructed using Hieff NGS™ MaxUp
Dual-mode mRNA Library Prep Kits for Illumina® (Shanghai
Yeasen Biotechnology Co., Ltd.). mRNA was purified from
total RNA using Oligo dT magnetic beads. The mRNA was
reversely transcribed to double-stranded cDNA (dscDNA).
The dscDNA was repaired with phosphate and stickiness
A at the two ends (5' and 3'), and then ligated with a DNA
adaptor at the 3'-end. The amplification products were purified
using Hieff NGS™ DNA Selection Beads (Shanghai Yeasen
Biotechnology Co., Ltd). The obtained library products were
sequenced with a pair end 150 base pair strategy using the
Illumina NovaSeq6000 platform (Illumina, Inc.). Gene
expression profiles were analyzed by Sangon Biotech Co.,
Ltd. Genes with >1.2-fold changes in their expression were
considered as differentially expressed genes. All unique genes
were functionally annotated by searching against the National
Center for Biotechnology Information NR or NT database
(http://www.ncbi.nlm.nih.gov/), Gene Ontology (GO) database
(http://www.geneontology.org/) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (http:/www.genome.
jp/)- The Q-values of the GO and KEGG analysis were calcu-
lated, and Q<0.05 was considered to indicate a statistically
significant difference. The mouse reference genome data from
the Ensembl database (http:/www.ensembl.org/) were used.
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Figure 2. Effect of PGE, on the expression of surface molecules of DCs determined by flow-cytometry. The numbers at the upper right corner of each plot
indicate the percentage of positive cells. (A) Expression of costimulatory markers (CD40, CD80, CD86 and MHC II) on DCs. (B) CCR7 expression on DCs.
Bar charts demonstrating the expression of (C) costimulatory markers (CD40, CD80, CD86 and MHC II) and (D) CCR7 on DCs. Data are representative of
three independent experiments and are presented as the mean + SEM. "P<0.05 vs. 0 ug/ml PGE,. DC, dendritic cell; PGE,, prostaglandin E2; MHC, major

histocompatibility complex; CCR7, CC chemokine receptor type 7.

Statistical analysis. Histogram and scatter graphs were gener-
ated using GraphPad Prism v5 software (GraphPad Software,
Inc.) and data are presented as the mean + SEM. Differences
between multiple groups were analyzed by one-way ANOVA
followed by Dunnett's post hoc test using IBM SPSS
Statistics v19 software (IBM Corp.) P<0.05 was considered to
indicate a statistically significant difference.

Results

PGE, serves a dual role in the migration of DCs. To determine
the effect of PGE, on cell migration, gradient concentrations
of PGE, were added to the culture medium of DCs. The migra-
tory ability of DCs was determined by a Transwell migration
assay. According to the results, the concentrations of PGE,
were divided into two different groups. As depicted in Fig. 1A,
lower concentrations of PGE, (1.25-2.5 pg/ml) promoted cell
migration, while the migratory ability of DCs was significantly
inhibited following treatment with higher concentrations of

PGE, (5-10 pg/ml) compared with cells treated with 0 pg/ml
PGE,. As 2.5 and 10 ug/ml PGE, demonstrated the highest
effect on the migratory ability, these doses were selected to
treat DCs in subsequent experiments. A 3D migration assay was
subsequently used to validate these findings. Time-lapse video
analysis was applied to observe the migration of individual
DCs. High concentration of PGE, significantly inhibited DC
migration, whereas low concentration exhibited the opposite
effect compared with cells treated with O #g/ml PGE, (Fig. 1B
and C). These findings suggested that PGE, may serve a dual
role in modulating the migration of DCs.

PGE, affects the expression of surface molecules on DCs.
Following stimulation with 2.5 pg/ml PGE,, the expression of
several co-stimulatory molecules on the surface of the DCs,
such as CD40, CD80 and MHC 11, was significantly increased
(Fig. 2A and C). The expression of CD86 was also increased,
but it was not statistically significant. Treatment with 10 pg/ml
PGE, decreased the expression of all molecules except for
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Figure 3. PGE, induces cytoskeletal reorganization in DCs. (A) Confocal microscope analysis of F-actin organization of DCs treated with different concentra-
tions of PGE, (original magnification, x400; scale bars, 20 xm). F-actin was stained with FITC-labeled phalloidin (green). (B) Quantification of filopodia on
the surface of DCs treated with different concentrations of PGE,. The grey columns represent the length of the filopodia, while the black columns represent the
density of the filopodia. Data are representative of three independent experiments and are presented as the mean + SEM. "P<0.05 vs. 0 ug/ml PGE,. (C) Protein
expression levels of paxillin phosphorylated at Tyr118 and total paxillin detected by western blotting. (D) Bar charts demonstrating the quantification of the
ratio of p-paxillin/total paxillin. Data are representative of three independent experiments and are presented as the mean + SEM. 'P<0.05 vs. 0 ug/ml PGE,.

DC, dendritic cell; PGE,, prostaglandin E2; p, phosphorylated.

that of CD80, which was unexpectedly increased, although
not statistically significant. Since CCR7 is required for the
migration of DCs (9), the surface expression of CCR7 was also
analyzed (Fig. 2B and D). The expression of CCR7 was signifi-
cantly upregulated following treatment with 2.5 yg/ml PGE,
and slightly downregulated after incubation with 10 gxg/ml
PGE, compared with cells treated with O yg/ml PGE,.

PGE, exerts its effect on DC migration by reorganizing the
F-actin cytoskeleton. Cell migration is dependent on cyto-
skeletal rearrangements, including the reorganization of the
F-actin cytoskeleton (15). Therefore, it was further investigated
whether the F-actin cytoskeleton of DCs was affected by PGE,
treatment. The F-actin cytoskeleton was analyzed by immuno-
fluorescence staining using confocal microscopy. The F-actin
cytoskeleton in DCs has been reported to attach to the internal
surface of the cell membrane (16). As illustrated in Fig. 3A,
compared with the control samples, following treatment with
low concentration of PGE, (2.5 pug/ml), the F-actin cytoskel-
eton was irregularly organized. However, treatment with high
concentration of PGE, (10 #g/ml) induced the arrangement of
the F-actin cytoskeleton into regular circles. The method of
Hu et al (16) was used to detect the formation of filopodia in
DCs, according to which the number of cell protrusions was
calculated. As depicted in Fig. 3B, the number of filopodia on
the surface of DCs was decreased following culture of DCs
in media containing 10 ug/ml PGE,. By contrast, treatment
with 2.5 yg/ml PGE, increased the number of filopodia on the
surface of DCs compared with cells treated with 0 zg/ml PGE,.
Via recruiting structural and signaling molecules, paxillin is
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Figure 4. Effect of PGE, on DC migration in vivo. (A) Immunofluorescence
microscopy of DCs in lymph nodes detected by confocal microscopy (orig-
inal magnification, x400; scale bars, 20 #m). Red staining indicates Qtracker
705-labeled DCs, while blue staining indicates nuclei. (B) FACS profiles
of the labeled DCs. Inguinal and popliteal lymph nodes were made into
single cell suspensions and the number of labeled DCs was detected by flow
cytometry. Data are representative of three independent experiments and are
presented as the mean = SEM. "P<0.05 vs. 0 ug/ml PGE,. DC, dendritic cell;
PGE,, prostaglandin E2; LN, lymph node.
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Table I. GO term analysis of the differentially expressed genes induced by high concentration of prostaglandin E2.

A, Upregulated genes

GO term Gene number Q-value
G0:0048870 “cell motility’ 33 0.031953
G0:0016477 ‘cell migration’ 32 0.018743
GO:0006935 ‘chemotaxis’ 20 0.002641
G0:0030335 ‘positive regulation of cell migration’ 17 0.011600
GO0:2000147 ‘positive regulation of cell motility’ 17 0.015399
G0:0060326 ‘cell chemotaxis’ 14 0.001859
G0:0030595 ‘leukocyte chemotaxis’ 8 0.049438
GO0:1990266 ‘neutrophil migration’ 6 0.042027
GO0:0038089 ‘positive regulation of cell migration by vascular endothelial growth 2 0.033365
factor signaling pathway’

G0:0090063 “positive regulation of microtubule nucleation’ 2 0.021358
GO0:0010968 ‘regulation of microtubule nucleation’ 2 0.033365
B, Downregulated genes

GO term Gene number Q-value
GO0:0030334 ‘regulation of cell migration’ 69 3.79x10°
G0:2000145 ‘regulation of cell motility’ 69 3.27x10%
G0:0048870 “cell motility’ 33 0.031953
G0:0060326 ‘cell chemotaxis’ 33 1.80x107
G0:0016477 “cell migration’ 32 0.018743
GO0:0030595 ‘leukocyte chemotaxis’ 28 3.84x10%
GO0:0050839 “cell adhesion molecule binding’ 21 0.001122
GO:0006935 ‘chemotaxis’ 20 0.002641
GO:0005096 ‘GTPase activator activity’ 19 0.009055
GO0:0030335 ‘positive regulation of cell migration’ 17 0.011600
GO0:2000147 “positive regulation of cell motility’ 17 0.015399
GO0:0004896 ‘cytokine receptor activity’ 13 0.001157
GO:0003777 ‘microtubule motor activity’ 9 0.028882
G0:0048020 ‘CCR chemokine receptor binding’ 7 0.022002
G0:0090063 “positive regulation of microtubule nucleation’ 2 0.021358

GO, gene ontology.

a multifunctional focal adhesion adaptor protein, which has
been reported to serve an important role in cell migration (17).
Western blotting was used to analyze the phosphorylation
levels of paxillin at Tyrl18. As illustrated in Fig. 3C and D,
treatment with 10 xg/ml PGE, reduced the phosphorylation
levels of paxillin at Tyr118 in DCs compared with cells treated
with 0 yg/ml PGE,. By contrast, treatment with 2.5 pg/ml
PGE, enhanced the phosphorylation levels of paxillin at Tyr118.
However, the total protein expression levels of paxillin were not
affected by neither of the treatments. Therefore, these results
suggested that PGE, may exert its effect on DC migration by
reorganizing the F-actin cytoskeleton.

Validation of the effect of PGE, on DC migration in vivo. The
aforementioned experiments demonstrated the modulatory effect

of PGE, on DC migration in vitro. This mechanism was subse-
quently validated with in vivo experiments using C57BL/6 mice.
Both the results from FACS and immunofluorescence analyses
revealed that high concentration of PGE, (10 pg/ml) inhibited
DC migration in vivo, which was evidenced by the lower number
of labeled DCs observed in the lymph nodes compared with mice
injected with O ug/ml PGE,-treated DCs (Fig. 4A and B). On the
other hand, the higher number of labeled cells obtained following
treatment with 2.5 pg/ml PGE, indicated that DC migration
was facilitated by the low concentration of PGE, in vivo. These
results indicated that PGE, exhibited the same modulatory effect
on DC migration both in vivo and in vitro.

Transcriptome analysis of DCs treated with PGE,. A transcrip-
tome analysis using RNA-seq was performed, and the datasets
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Table II. GO term analysis of the differentially expressed genes induced by low concentration of prostaglandin E2.

A, Upregulated genes

GO term Gene number Q-value
G0:0044281 ‘small molecule metabolic process’ 17 0.043246
G0:0030335 ‘positive regulation of cell migration’ 8 0.067606
GO0:2000147 “positive regulation of cell motility’ 8 0.075799
GO0:0051272 ‘positive regulation of cellular component movement’ 8 0.078608
GO0:0042572 ‘retinol metabolic process’ 4 0.017945
GO0:0006720 ‘isoprenoid metabolic process’ 4 0.043305
GO0:0016101 “diterpenoid metabolic process’ 4 0.030277
GO0:0032620 ‘interleukin-17 production’ 3 0.043246
GO0:0046460 ‘neutral lipid biosynthetic process’ 3 0.043246
G0:0051973 ‘positive regulation of telomerase activity’ 3 0.043246
B, Downregulated genes

GO term Gene number Q-value
GO0:0007155 “cell adhesion’ 23 0.000066
G0:0022610 ‘biological adhesion’ 23 0.000071
GO:0048870 “cell motility’ 19 0.010072
G0:0016477 ‘cell migration’ 18 0.008858
G0:0030334 ‘regulation of cell migration’ 16 0.000929
GO0:2000145 ‘regulation of cell motility’ 16 0.001466
GO0:0030155 ‘regulation of cell adhesion’ 15 0.000305
G0:0043062 ‘extracellular structure organization’ 12 0.000018
GO0:2000147 ‘positive regulation of cell motility’ 10 0.012432
GO:0060326 “cell chemotaxis’ 8 0.005049
G0:0050921 ‘positive regulation of chemotaxis’ 6 0.002927

GO, gene ontology.

analyzed are presented in Fig. SA. A total of 9 samples divided
into three groups, which represented three different concen-
trations of PGE,, were included. The correlation between
samples is demonstrated in Fig. 5B. Between any two samples,
a higher correlation indicated higher similarity of the expres-
sion patterns and better biological repeatability. As illustrated
in Fig. 5B, the sample correlations within groups were higher
compared with those between groups, indicating that the
repeatability of samples within each group was satisfactory. A
total of 17,707 genes were identified to be co-expressed among
all samples (Fig. 5C). In addition, >300 uniquely expressed
genes were detected in each sample. The gene expression
profiles were considered to be differentially expressed when
a >1.2-fold change was obtained. The analysis identified 321
upregulated genes and 839 downregulated genes following
treatment with 10 ug/ml PGE, (Fig. 5D). Conversely, treatment
with 2.5 ug/ml PGE, resulted in 101 upregulated genes and
134 downregulated genes compared with the 0 ug/ml PGE,
group. As presented in Tables I and II, GO functional term
enrichment analysis illustrated that these genes were related to
cellular functions, such as ‘cell motility’, ‘cell migration’, ‘cell

chemotaxis’ and ‘cell adhesion’, among others. Furthermore,
KEGG signaling pathway enrichment analysis was performed
to analyze the relevant signaling pathways of the differentially
expressed genes. The results revealed that signaling path-
ways, including ‘cell adhesion molecules’, ‘M APK signaling
pathway’, ‘focal adhesion’, ‘cytokine-cytokine receptor
interaction’, ‘regulation of actin cytoskeleton’, ‘leukocyte tran-
sendothelial migration’, ‘chemokine signaling pathway’ and
‘PI3K-Akt signaling pathway’, among others, were associated
with the differentially expressed genes (Tables III and IV).

Discussion

PGE, has been associated with numerous processes resulting
in the induction of inflammation (18). PGE, is usually consid-
ered to be a classical pro-inflammatory mediator. For example,
Hooper et al (19) described novel pro-inflammatory functions
of PGE, in murine BMDCs, including its ability to inhibit the
production of IL-27. However, accumulating evidence has indi-
cated that PGE, may also exert anti-inflammatory effects. For
instance, a previous study has reported that PGE, exhibited an
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Figure 5. Transcriptome profiling of DCs treated with PGE,. (A) Data structure used in this experiment. Group A was treated with 0 yg/ml, Group B with
2.5 ug/ml and Group C with 10 ug/ml PGE,. Each group included three samples. (B) Heatmap of correlation analysis between samples. The color code represents
the value of correlation. Yellow color indicates high correlation between samples, and gray color indicates low correlation. (C) Number of common and unique
identified genes in each sample. (D) Number of differentially expressed genes identified in DCs treated with different concentrations of PGE,. ‘A vs B’ indicates
the differentially expressed genes identified in DCs treated with 2.5 ug/ml PGE,. ‘A vs C’ indicates the differentially expressed genes identified in DCs treated
with 10 ug/ml PGE,. Group A was used as control. A fold change of 1.2 was used to detect differential expression. DC, dendritic cell; PGE,, prostaglandin E2.

anti-inflammatory effect by inhibiting cytokine production in
human lung macrophages (20). Therefore, it is not surprising
that PGE, has been discovered to serve a dual role in certain
modulatory processes. In experimental autoimmune encepha-
lomyelitis, PGE, has been indicated to facilitate the generation
of Thl and Thl17 cells during immunization, but attenuate the
invasion of these cells into the brain, thereby protecting the
blood brain barrier (21). Moreover, Poloso et al (22) demon-
strated that physiologically relevant concentrations of PGE,
suppressed IL-23 production in DCs, while lower concentra-
tions of PGE, promoted IL-23 production. Notably, PGE, has
been identified to regulate macrophage migration in a concen-
tration-dependent manner (23). Low concentrations of PGE,
have been observed to promote migration of macrophages,
while high doses of PGE, have been indicated to inhibit migra-
tion and promote adhesion of macrophages (23). These effects
occurred via a similar mechanism as those observed in the
present study, except for the fact that a different cell type was
used.

As both DCs and macrophages are central cells in the
immune system, it is helpful to understand the dual function of

PGE, in immune regulation. More importantly, these findings
have suggested that the applied concentration of PGE, may be
the key in clarifying its actual role. Therefore, a large range of
PGE, concentrations was initially used in the present study to
determine their effect on DC migration. In particular, 5 p#g/ml
PGE, exhibited an inhibitory effect on DC migration, which
was also reported by Baratelli er al (12). To further validate
these findings, a higher concentration of PGE2 (10 pg/ml) was
used in the experiments of the current study. As expected,
10 ug/ml PGE, exerted a stronger inhibitory effect on DC
migration compared with of 5 ug/ml. These results strength-
ened the hypothesis that DC migration may be inhibited by
high concentration of PGE,. In addition, the data of the present
study were not only obtained with in vitro experiments, but
were also validated in vivo using an animal model, which
further supported the hypothesized mechanism.

Numerous molecules and substances that serve important
roles in physiological and pathological processes have been
demonstrated to exert a dual role (24-31). For example, as a key
factor regulating cellular hypoxia, hypoxia inducible factor-1a.
(HIF-1a) has been reported to upregulate the expression
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Table III. KEGG pathway analysis of the differentially expressed genes induced by high concentration of prostaglandin E2.
A, Upregulated genes
KEGG pathway Gene number Q-value
‘Cytokine-cytokine receptor interaction’ 12 0.115422
‘PI3K-Akt signaling pathway’ 11 0.440419
‘MAPK signaling pathway’ 10 0.414593
‘Focal adhesion’ 7 0.463380
‘Rapl1 signaling pathway’ 5 0.756316
‘Chemokine signaling pathway’ 5 0.751124
‘Cell adhesion molecules (CAMs)’ 4 0.756316
‘Ras signaling pathway’ 4 0.886593
‘Antigen processing and presentation’ 3 0.729945
‘Leukocyte transendothelial migration’ 2 0.886593
‘Regulation of actin cytoskeleton’ 2 0.958670
B, Downregulated genes
KEGG pathway Gene number Q-value
‘Cell adhesion molecules (CAMs)’ 20 0.000566
‘Chemokine signaling pathway’ 20 0.003940
‘MAPK signaling pathway’ 17 0.523913
‘Focal adhesion’ 16 0.103853
‘Ras signaling pathway’ 15 0.344020
‘Rapl1 signaling pathway’ 14 0.338164
‘Antigen processing and presentation’ 14 0.000502
‘Regulation of actin cytoskeleton’ 12 0.592493
‘cAMP signaling pathway’ 7 0.988183
‘Leukocyte transendothelial migration’ 6 0.794709
“T cell receptor signaling pathway’ 3 1.000000

KEGG, Kyoto Encyclopedia of Genes and Genomes.

levels of forkhead box P3 (FOXP3) to positively regulate
the differentiation function of regulatory T cells (24,25). On
the other hand, other previous studies have indicated that
HIF-1a negatively regulated the differentiation of regulatory
T cells by promoting the degradation of FOXP3 (26,27). In
cancer progression, numerous molecules have been indi-
cated to simultaneously exhibit both tumor suppressive
and oncogenic effects, such as yes-associated protein 1 and
p21 (RACI)-activated kinase 6 (28-31). Moreover, PGE, was
previously identified to serve a dual role in regulating the
migratory ability of macrophages (23).

In our previous study, it was demonstrated that compared
with normal cervical tissues, the expression of PGE, was
gradually upregulated in samples of low-grade squamous
intraepithelial lesion, high-grade squamous intraepithelial
lesion and squamous carcinoma, which was accompanied by
the progression of the disease (11). Therefore, an association
between the regulation of DC migration by PGE, and the
progression of cervical cancer was hypothesized to exist, based
on the results of the current study. In normal cervical tissues
and during the early stages of the development of cervical

lesions, PGE, was considered to serve a tumor suppressive
role. The low concentration of PGE, promoted DC migration,
which maintained a normal function of the immune response.
However, when the disease further developed, the lesion tissues
began to continuously synthesize and release PGE,, which
resulted in high levels of PGE,. DC migration was subse-
quently inhibited, thereby altering the normal function of the
immune response, which further promoted the development of
the disease. The highest concentration of PGE, detected in the
cervical lesion tissues was a 4-fold increase compared with the
normal tissues. This may explain why a high concentration of
PGE, is required to inhibit DC migration.

To the best of our knowledge, the present results may
provide a novel model of DC migration in response to
chemokines, where the presence of a gradient concentra-
tion of PGE, may modulate cytoskeletal reorganization.
A number of molecules are considered to serve a role in
mediating the effects of PGE,. For example, it has been
revealed that when low doses of PGE, were present during
differentiation of DCs, the migration of DCs towards CCL19
and CCL21 was favored (32,33). This process has been
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Table IV. KEGG pathway analysis of the differentially expressed genes induced by low concentration of prostaglandin E2.

A, Upregulated genes

KEGG pathway Gene number Q-value
‘PI3K-Akt signaling pathway’ 5 0.170644
‘Cytokine-cytokine receptor interaction’ 4 0.223721
‘Arginine and proline metabolism’ 4 0.007759
‘Glycerolipid metabolism’ 4 0.007759
‘Focal adhesion’ 3 0.282260
‘Rapl1 signaling pathway’ 2 0.453930
‘Ras signaling pathway’ 2 0.453930
‘Cell adhesion molecules (CAMs)’ 1 0.536388
B, Downregulated genes

KEGG pathway Gene number Q-value
‘PI3K-Akt signaling pathway’ 7 0.217307
‘AGE-RAGE signaling pathway in diabetic complications’ 7 0.003353
‘Chemokine signaling pathway’ 5 0.209988
‘Focal adhesion’ 4 0.321484
‘cAMP signaling pathway’ 3 0.516267
‘Regulation of actin cytoskeleton’ 3 0.542349
‘Cell adhesion molecules (CAMs)’ 2 0.611224
‘Antigen processing and presentation’ 2 0.467692

KEGG, Kyoto Encyclopedia of Genes and Genomes.

suggested to be regulated via the prostaglandin E receptor
(EP)4/cAMP/protein kinase A pathway in a PGE,-dependent
manner (34-36). The regulation of cytoskeletal remodeling
by PGE, has been indicated to be mediated by the increase
of intracellular cAMP levels following signaling via the EP2
and EP4 receptors, which has been identified by the use of
EP receptor agonists. Moreover, both EP2 and EP4 have
been suggested to be required for podosome disassembly
and focal adhesion formation in DCs following treatment
with high concentration of PGE, (37). However, EP2 has
been suggested to mediate the effects of PGE, in inhibiting
the migration of DCs (12). Therefore, future experiments
will aim to determine the currently controversial molecular
mechanism of PGE, function.

RNA-seq technology can simultaneously detect the
expression of thousands of genes, and profile gene expression
in the context of a sample's entire transcriptome. In the present
study, to determine the downstream effects of PGE, on DCs,
RNA-seq technology was applied. When analyzing the data of
RNA-seq, previous studies have used a threshold value of 2 for
the fold change of the differential expression (38,39). However,
the current study used a threshold value of 1.2 to screen the
differentially expressed genes to the greatest possible extent.
It must be noted that the present study presents certain
limitations. Firstly, the mRNA and also possibly the protein
expression levels of several genes that affect the remodeling of
the cytoskeletal reorganization will not change (40). Therefore,

these genes cannot be detected and identified as differentially
expressed genes using RNA-seq. Examples of such genes
include paxillin, vinculin and actin (40). Secondly, the DCs
used in the present study were primary cultured cells, which
may contain a certain proportion of impure cells (41,42). This
may lead to partial interference with the obtained RNA-seq
results. Thirdly, the samples used for RNA-seq analysis were
collected at a fixed time point following treatment with PGE,.
However, it is possible that different genes require distinct
treatment times to exhibit differential expression levels, which
may exclude certain key molecules from being identified.

In conclusion, the present study used DCs as a model to
study the role of PGE, in cell migration. The findings provided
novel insights into the dose-dependent effects of PGE, as a
modulator of actin cytoskeletal reorganization, which is essen-
tial for cell migration. Moreover, the results may provide an
improved understanding of the mechanisms in different types
of malignant disease, such as gynecological tumors, where
PGE, demonstrates pleiotropic functions associated with
proliferation, metastasis and invasion.
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