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A B S T R A C T

Lung cancer is the leading cause of cancer-related deaths worldwide, with non-small cell lung cancer (NSCLC)
constituting approximately 84 % of all lung cancer cases. The role of inflammation in the initiation and pro-
gression of NSCLC tumors has been the focus of extensive research. Among the various inflammatory mediators,
prostaglandin E2 (PGE2) plays a pivotal role in promoting the aggressiveness of epithelial tumors through
multiple mechanisms, including the stimulation of growth, evasion of apoptosis, invasion, and induction of
angiogenesis. The Extracellular signal-Regulated Kinase 5 (ERK5), the last discovered member among conven-
tional mitogen-activated protein kinases (MAPK), is implicated in cancer-associated inflammation. In this study,
we explored whether ERK5 is involved in the process of tumorigenesis induced by PGE2. Using A549 and PC9
NSCLC cell lines, we found that PGE2 triggers the activation of ERK5 via the EP1 receptor. Moreover, both
genetic and pharmacological inhibition of ERK5 reduced PGE2-induced proliferation, migration, invasion and
stemness of A549 and PC9 cells, indicating that ERK5 plays a critical role in PGE2-induced tumorigenesis. In
summary, our study underscores the pivotal role of the PGE2/EP1/ERK5 axis in driving the malignancy of NSCLC
cells in vitro. Targeting this axis holds promise as a potential avenue for developing novel therapeutic strategies
aimed at controlling the advancement of NSCLC.

1. Introduction

Lung cancer stands as the primary contributor to global cancer-
related mortality. Non-small cell lung cancer (NSCLC) comprises about
85 % of all lung cancers. Despite progress in early detection and various
aspects of treatment, the survival rate for lung cancer patients remains
low. While active and passive smoking exposure is the primary risk
factor for lung cancer, other risk factors like occupational hazards,
environmental exposures, and pre-existing lung conditions character-
ized by persistent inflammation, such as chronic obstructive pulmonary
disease and idiopathic pulmonary fibrosis, also play a significant role for
this type of cancer [1].

Inflammation is a key player throughout different phases of lung
tumor development, influencing its initiation, promotion, invasion and
metastasis. These processes intricately influence immune surveillance,
as well as responses to therapy [2,3]. Prostaglandin E2 (PGE2), a de-
rivative of the cyclooxygenase-2 (COX-2) pathway, is secreted by both

tumor cells and nearby stromal cells. Elevated PGE2 levels emerge as a
recurring theme across a diverse spectrum of human tumors [4]. PGE2 in
the tumor microenvironment drives various aspects of tumor progres-
sion, including invasion, evading programmed cell death, adopting a
mesenchymal state, and acquiring stem cell-like properties [5,6].
Additionally, it boosts angiogenesis while suppressing the immune
surveillance anti-tumor defenses [7]. Research suggests that COX-2 in-
hibitors could have a promising role in treating advanced cancers,
including NSCLC [8]. Although many preclinical, epidemiological, and
clinical studies have reported the existence of a strong association be-
tween PGE2 and the development or progression of cancer, the under-
lying molecular mechanisms remain unclear. PGE2 influences target
cells in an autocrine or paracrine manner, activating downstream signals
via specific G protein-coupled receptors known as EP1, EP2, EP3, and
EP4 [9]. Furthermore, it has been observed that PGE2-activated EP re-
ceptors may utilize receptor tyrosine kinases to transmit their signals
[10,11]. Among the signal transduction pathways, the mitogen-
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activated protein kinase (MAPK) family, particularly the Extracellular
signal-Regulated Kinase1/2 (ERK1/2) is critical in the cancer-promoting
functions of PGE2 [12].

Another member of the MAPK family is ERK5, also referred to as Big
Mitogen-activated protein Kinase 1 (BMK-1), which is a key signaling
molecule involved in a wide array of cellular processes, ranging from
cell division, differentiation and survival to migration [13,14]. ERK5
activation is reached through MEK5-dependent or -independent phos-
phorylation that stimulates ERK5 nuclear translocation, a key event for
cell proliferation [13,15]. Structurally, ERK5 is featured by an N-ter-
minal region, which contains the kinase domain, and a C-terminal
extension, unusually long, able to modulate ERK5 subcellular distribu-
tion and endowed with transcriptional co-activator function. In the
inactive form, ERK5 assumes a closed conformation, where the binding
between N- and C-terminal blocks its catalytic activity. In the inactive
form ERK5 is stabilized and anchored into the cytosol by HSP90 and
CDC37. The catalytic activity of ERK5 is stimulated by the dual phos-
phorylation of its regulatory Thr-Glu-Tyr (TEY) motif, operated by
MEK5, followed by the autophosphorylation of its C-terminal tail, at
several Ser and Thr residues. Finally, the open conformation of active
ERK5, detached from HSP90, is able to dynamically shuttle between the
cytosol and the nucleus [13,16,17] via Beta1 importin [18].

ERK5 activation has been associated with the onset and progression
of several types of cancers, such as lung, breast, colorectal, prostate, and
pancreatic cancers [14,16,17]. In particular, the deregulation of MEK5/
ERK5 pathway plays a multifaceted role in tumor development and
progression, fostering uncontrolled cell growth, regulating angiogenesis
and epithelial-mesenchymal transition and even contributing to therapy
resistance in certain cancers [19,20]. ERK5 is also implicated in cancer-
associated inflammation [21]. For instance, inhibition of ERK5 in
macrophages induces a transcriptional switch that blocked protumor
macrophage polarization [22]. In the context of epidermal carcinogen-
esis, ERK5 is involved in controlling the expression of a subset of
proinflammatory cytokines, and inhibition of ERK5 suppressed
inflammation-driven tumorigenesis [23].

While there are numerous studies that demonstrate the involvement
of PGE2 and ERK5 in tumorigenesis individually, direct evidence spe-
cifically linking PGE2 with ERK5 in tumors is lacking. This research
delves into the interplay between PGE2 and ERK5 in the regulation of a
pro-tumorigenic phenotype in two models of NSCLC cells, A549 and
PC9. Here, we demonstrate that PGE2 induces ERK5 activation through
EP1 receptor, and that ERK5 knockdown or pharmacological inhibition
with XMD8-92 [24] significantly curbs PGE2/EP1-driven growth, in-
vasion, and stemness of NSCLC cell lines.

2. Materials and methods

2.1. Reagents

PGE2 was solubilized in ethanol (10 mM) (Sigma Aldrich, St. Louis,
MO, USA). ERK5 inhibitor XMD8-92 was from Santa Cruz (Heidelberg,
Germany) and dissolved in DMSO (10 mM). Recombinant human EGF
was supplied by PeproTech (Rocky Hill, NJ, USA). EP receptors agonists
17-phenyl trinor Prostaglandin E2 ethyl amide as EP1 agonist, Butaprost
as EP2 agonist, Sulprostone as EP3 agonist, and L-902,688 as EP4
agonist were provided by Cayman Chemical (Ann Arbor, MI, USA).

Lentiviral particles used to achieve a stable knockdown of target
genes were provided by OriGene Technologies (Rockville, MD, USA).
The kit for fast staining (fast Panoptic) was from PanReac AppliChem
ITW Reagents (Darmstadt, Germany).

DMSO, CelLytic MT Cell Lysis Reagent, TWEEN 20 and Phosphate
Buffered Saline (PBS) were provided by Merck KGaA (Darmstadt,
Germany).

2.2. Cell cultures

A549 human lung cancer cell line (passages 12–20, CCL-185) was
purchased from American Type Culture Collection (ATCC); PC9 human
lung cancer cells (passages 12–20, 90071810) were purchased from
European Collection of Authenticated Cell Cultures (ECACC). All the cell
lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 4500
high glucose supplemented with 10 % heat-inactivated foetal bovine
serum (FBS), 2 mM L-glutamine and 100 U/ml penicillin and 100 μg/ml
streptomycin (Merck KGaA, Darmstadt, Germany) and maintained in a
humidified incubator with 5 % CO2 at 37 ◦C. Cells were propagated by
splitting 1:4 twice a week for A549 and 1:3 twice a week for PC9.

To stably downregulate ERK5 (encoded by theMAPK7 gene) in A549
human shRNA lentiviral transduction particles were purchased from
Merck KGaA (Darmstadt, Germany; clones: TRCN0000010275 and
TRCN0000197264). For viral infections, cells were incubated for 24 h
with viral particles at 10 MOI in the presence of 8 μg/ml polybrene.
Transduced cells were selected with 2μg/ml puromycin for at least 72h.
ERK5 protein expression was assessed by multiple and periodical
Western Blot analysis. Cells were expanded and used until 20 passages.

2.3. Proliferation assay

1 × 103 cells/well (of a 96-well multiplate) were grown in adhesion
in 10 % FBS for 24 h and then treated with PGE2 [0.1–1 μM], EGF [25
ng/ml] and XMD8-92 [5 μM for A549 and 2.5 μM for PC9] in low serum
concentration (1 % FBS). High serum concentration was used as positive
control (10 % FBS). All experimental points were run in triplicate. After
24 and 48 h, cells were fixed using Fixing for fast staining (methanol
based) (Panoptic No. 1) for 15 min at room temperature and then
stained using Eosin for fast staining (Panoptic No. 2) and Blue for fast
staining (Panoptic No. 3; Azur B based; 15 min each; PanReac Appli-
Chem). Cells were randomly counted at 20× original magnification in 5
fields by using Nikon Eclipse E400 [25]. Data are reported as the mean
of cells counted/well.

2.4. Cell cycle analysis

Cell cycle distribution was analyzed using flow cytometry after
propidium iodide staining. NSCLC (7× 105 cells/well) were seeded in 6-
multiwell plates in growth medium with 10 % FBS for 24 h, left over-
night to allow for cell attachment, and then exposed to 1 % FBS for 24 h
and then treated with PGE2 (1 μM), XMD8-92 (5 μM, 30 min pretreat-
ment) with/without EGF (25 ng/ml) for 24 h. Cells were then washed
three times with PBS, trypsinized and collected by centrifugation at 0.3
×g for 5 min. The cells were fixed overnight in 70 % ethanol at − 20 ◦C,
then washed twice with PBS and incubated with 0.5 ml of PBS con-
taining 100 μg/ml RNase Merck KGaA (Darmstadt, Germany) and 50
μg/ml propidium iodide [Merck KGaA (Darmstadt, Germany)] at 37 ◦C
for 30 min. Samples were read with a FACSCalibur TM cytofluorimeter
with CELLQuest software version 3.3. The excitation of PI was made
with an argon-ion laser at 488 nm, and PI emission was recorded with
FL2 (filter 585/42 nm, detection range 564–606 nm). A 10,000 total
events per sample were acquired [26].

2.5. Western blot

Sub-confluent cells were serum starved for 18 h. Cells were then
exposed to fresh media added with 1 % FBS. To evaluate the activation
of ERK5, cells were treated with increasing concentrations of PGE2
[0.1–1 μM] for 15 min. Treatment with EGF [25 ng/ml] was performed
for 10 min, as a positive control of ERK5 activation. Treatment with EP1,
EP2, EP3 and EP4 agonists was performed for 15 min (1 μM). Protein
extraction and Western Blot were performed as previously described
[27]. Briefly, 50 to 100 μg of proteins for each sample were subjected to
electrophoresis in 4–12 % Bis-Tris Gels (Life Technologies, Carlsbad, CA,
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USA). To evaluate stemness markers, 50 μg of proteins extracted from
tumorspheres (see below) were used.

Proteins were blotted onto nitrocellulose membranes and then
incubated overnight at 4 ◦C with primary antibodies: anti-pERK5
(Thr218/Tyr220; #3371), anti-ERK5 (#3372), anti-β-actin (#3700),
anti-KLF4 (#4038), anti-OCT4 (#2840), anti-SOX2 (#2748), anti-
NANOG (#4903), anti-cMYC (#5605), anti-KLF2 (#51221), anti-
p90RSK (Ser380; #9341), anti-pSGK1 (Ser78; #5599), GAPDH
(#5174) were provided by Cell Signaling Technology (Danvers, MA,
USA); Tubulin (T8203), provided by Merck KGaA, Darmstadt, Germa-
nia; anti-pERK5 (Ser496; orb5183) provided by Biorbyt (Durham, NC,
USA). The molecular weight marker, Dual Color Standards, was pro-
vided by Biorad (Hercules, CA, USA).

The detection was carried out by enhanced chemiluminescence
system (Biorad, Hercules, CA, USA), or by infrared imaging using an
Odyssey detector (Licor, Lincoln, NE, USA) as previously described [28].
For each sample the arbitrary densitometry unit (ADU) was calculated
by Fiji software (64-bit Java 1.8.0_172). Data were normalized on
β-actin and presented as means ± SD of at least three experiments.
Protein loading was performed on the same membranes or on the same
lysates.

2.6. Tumor cell migration

To assess the migration of adherent cells treated with PGE2 [0.1–1
μM], scratch assay was performed as previously described [29]. NSCLC
cells (2 × 105 cells/well) were seeded in 24 multiwell plates in medium
with 10 % FBS, up to a confluent state. A scratch was mechanically
performed on the layer of cells, then treated with increasing concen-
trations of PGE2 [0.1–1 μM] or XMD8-92 [2.5 μM for PC9 and 5 μM for
A549] diluted in medium added with 1 % FBS. The antimitotic com-
pound cytosine arabinoside (ARA-C) [2.5μg/ml] was added in all the
wells. Images of the wound in each well were acquired from 0 to 18h
under a phase contrast microscope (Nikon Eclipse TE 300, Nikon, Tokyo,
Japan), at 10× magnification. The rate of migration was calculated by
quantifying the area of wound at the starting time and after 18 h. Results
(mean ± SD) are expressed as percentage of area of wound respect to
time to control (untreated cells).

2.7. Tumor cell invasion

To evaluate cell invasiveness, NSCLC cells were exposed to PGE2
[0.1–1 μM] or EGF [25 ng/ml]. The Neuro Probe 48-well micro-
chemotaxis chamber (Nuclepore Corp., Pleasanton, CA, USA) was
used. Polyvinylpyrrolidone (PVP)-free polycarbonate filters, 8 μm pore
size were coated with gelatin 1 % (Gelatin from bovine skin, type 1,
Sigma Aldrich, St. Louis, MO, USA) [30]. 50 μL of cell suspension (2.5 ×

104 cells/mL) were added to each upper well. Before seeding, tumor cell
suspensions were treated with PGE2 [0.1–1 μM], EGF [25 ng/ml],
XMD8-92 [5 μM for A549 and 2.5 μM for PC9] or EP receptors agonists
[1 μM]. Once assembled, the chamber was incubated at 37 ◦C for 8 h.
Then, the filter was removed and fixed in methanol overnight. Cells were
stained, and the filter mounted on glass coverslips. Migrated cells were
counted using a light microscope (Nikon Eclipse E400 at 20× magnifi-
cation) in 5 random fields per each well. Cell migration was measured by
the number of cells moving across the filter. Each experimental point
was done in triplicate and was presented as mean value of migrated cells
(±SD).

2.8. Clonogenic assay

5 × 102 cells/well were seeded into 6-well plates and incubated in
medium supplemented with 1 % FBS for 18 h. Then, cells were treated in
triplicates with PGE2 [0.1–1 μM] or EGF [25 ng/ml] with or without
XMD8-92 [5 μM for A549], in 1 % FBS medium. 10 days after treatment,
cells were fixed and stained with Panreac kit (Darmstadt, Germany), and

colonies (>50 cells) were counted. Data are reported as mean of counted
colonies (±SD) [31].

2.9. In vitro tumorsphere formation assay

To assess the ability of single cells to generate tumorspheres, the in
vitro surrogate of stem-like cells, 2× 105 cells/well were distributed into
an ultralow-attachment 6-well plate [32]. All tumorspheres were grown
in DMEM-F12 medium (Gibco, Milan, Italy), supplemented with peni-
cillin/streptomycin, L-glutamine, and allowed to grow for 7 days, or
until the majority of spheres reached a diameter of 60 μm. Tumorspheres
were treated with PGE2 [0.1–1 μM] or EGF [25 ng/ml], once a day, and
XMD8-92 [2.5 μM for PC9 and 5 μM for A549], added every 48 h.
Tumorspheres were counted and then harvested followed by protein
extraction or split for second and third tumorsphere generation and
lysed for protein extraction.

2.10. Immunofluorescence analysis

The nuclear translocation of β-catenin was visualized in A549SC and
A549KD by immunofluorescence analysis. 3 × 104 cells were seeded on
1 cm glass coverslips added in the bottom of a 24 well multiplate. After
24h of incubation, cells were treated with PGE2 [1 μM] for 4 h.
Immunofluorescence analysis was performed as previously reported
[33] using anti β-catenin antibody (#8480, Cell Signaling Technology),
and DAPI as nuclear counterstaining dye. Images were taken using a
confocal microscope (Zeiss LSM700; Zeiss GmbH, Oberkochen,
Germany).

2.11. RNA isolation and quantitative RT-PCR

Sub-confluent cells were serum starved for 18 h. Cells were then
exposed to fresh media, added with 1 % FBS. To evaluate the activation
of ERK5, cells were treated with increasing concentration of PGE2
[0.1–1 μM] for 24 h.

Total RNA was prepared using a RNeasy Plus Kit (#74134 Qiagen,
Milan, Italy) following the manufacturer’s instructions. One microgram
of RNA was reverse-transcribed using QuantiTect Reverse Transcription
Kit (#205313 Qiagen), and quantitative RT-PCR (QPCR) was performed
using QuantiNova SYBR Green PCR Kit (#208056 Qiagen) in a Rotor-
Gene Q PCR machine (Qiagen). Fold change expression was deter-
mined by the comparative Ct method (ΔΔCt) normalized to GAPDH
[34]. The primers sequences (Merck KGaA, Darmstadt, Germany) were:
EP1 forward:

5′-GGTATCATGGTGGTGTCGTG-3′ and reverse: 3′-CGCTGCAGG-
GAGGTAGAG-5′. EP2 forward: 5′-GGAAGTCAATATGTGGAAGCAA and
reverse: 3′-CGAAGAGCATGAGCATCGT-5′. EP3 forward: 5′-AACCA-
GATCTTGGATCCTTGG-3′ and reverse: 3′-TCTCCGTGTGTGTCTTGCAG-
5′. EP4 forward: 5′-ACAAGGTATAATAAAATTATCGCAACC-3′ and
reverse: 3′-CATCTGCAACTTCAGCTGGTTA-5′. C-Myc forward: 5′-CAC-
CAGCAGCGACTCTGA-3′ and reverse: 3′-CCTGTGAG-
GAGGTTTGCTGTG-5′. GAPDH forward: 5′-CAATGGAGAAGGCTGGGG-
3′ and reverse: 3′-CAAAGTTGTCATGGATGACC-5′.

2.12. Statistical analysis

The results (mean ± SD) were derived from at least three indepen-
dent experiments, each performed in triplicate. A one-way ANOVA fol-
lowed by Bonferroni’s post hoc test was selected for statistical analysis
by usingMicrosoft Excel. p-value<0.05 indicates statistical significance.

3. Results

3.1. PGE2 activates ERK5 in NSCLC cells through EP1 receptor

To establish whether ERK5 plays a role in PGE2-mediated NSCLC cell
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growth and invasion, we used two NSCLC cell lines, A549 and PC9,
expressing basal levels of ERK5 (Fig. 1A). In A549 and PC9 cells, ERK5
presented as a doublet, in which the upper band corresponds to the
extensively phosphorylated and active form, in line with previous re-
ports [35,36]. In A549 cells, a loss-of-function approach was also used.
Briefly, A549 were appropriately transfected with lentiviral vectors
carrying control shRNA encoding for a scrambled sequence (SC) or two
different ERK5-specific shRNAs (KD A or B) (Fig. 1A). Each ERK5KD was
validated for ERK5 expression byWestern Blot. Gene silencing with both
ERK5-specific shRNAs efficaciously reduced basal expression levels of

ERK5 (Fig. 1A). Then, we explored the ability of PGE2 to activate ERK5
in NSCLC cells. PGE2 promoted ERK5 activation in A549 cells (Fig. 1B)
with a marked effect at 1 μM, as witnessed by the increased amount of
the upshifted band in Western Blot analysis. EGF, a well know upstream
activator of ERK5, was used as a positive control [37]. Similarly, in PC9
cells, PGE2 (1 μM) promoted ERK5 activation, with a response of com-
parable magnitude to that promoted by EGF (Fig. 1C).

In light of these results, we investigated the receptor subtype
involved in PGE2-induced ERK5 activation. First, we analyzed the
expression of EP receptor subtypes in the NSCLC cell lines employed in

Fig. 1. PGE2 and EP1 stimulation activates ERK5 in NSCLC cells. (A–C). Basal expression of ERK5 (115 kDa) in A549 cells transfected with lentiviral vectors
carrying control shRNA encoding for a scrambled sequence (SC) or ERK5-specific shRNA (KD A or B) and in PC9 cells after 48 h of growth in 10 % FBS (A). ERK5
activation (115 kDa) in A549 SC (B) and PC9 (C) cells exposed to EGF (25 ng/ml, 15 min) or PGE2 (0.1 and 1 μM for 15 min). β-actin (45 kDa) was used as loading
control. Blots are representatives of three independent experiments. Hyperphosphorylated ERK5 upshifted band is indicated by an arrow. (D). ERK5 phosphorylation
(115 kDa) levels in A549 SC cells exposed to EGF (25 ng/ml), PGE2 (1 μM) with/without XMD8-92 (5 μM, 30 min pretreatment), or PGE2 receptor agonists (1 μM) for
15 min. (E). Quantification of blots reported in (D). CTR condition has assigned 1. *p < 0.05 and **p < 0.01 vs CTR. β-actin (45 kDa) was used as loading control.
Blots are representatives of three independent experiments. (F). ERK5 phosphorylation (115 kDa) levels in PC9 cells exposed to EGF (25 ng/ml), PGE2 (1 μM), EP1
receptor agonist (17-phenyl trinor Prostaglandin E2 ethyl amide) (1 μM) or EGF (25 ng/ml) for 15 min. (G). Quantification of blots reported in (F). CTR condition has
assigned 1. *p < 0.05 vs CTR. β-actin was used as loading control. Blots are representatives of three independent experiments. (H). Phosphorylation levels of ERK5
(T219/Y221) (115 kDa), p90RSK (T379) (90 kDa), and SGK (S78) (54 kDa) in A549 SC cells exposed to PGE2 (1 μM) or EP1 receptor agonist (1 μM) for 15 min. (I).
Phosphorylation levels of ERK5 (T219/Y221) (115 kDa) and SGK (S78) (54 kDa) in PC9 cells exposed to PGE2 (1 μM) or EP1 receptor agonist (1 μM) for 15 min. (J).
KLF2 expression (42 kDa) levels in A549 SC and KD exposed to PGE2 (1 μM) and EP1 (1 μM) for 60 min. Molecular weight markers on the left of blots.
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this study. We observed that mRNA for all four receptors were expressed
in roughly equal amounts in all cell lines used, regardless of ERK5
expression (Supplementary Fig. 1). Therefore, we examined whether
agonists of the individual receptor subtype were able to activate ERK5
by Western Blot analysis. To this end, we used specific EP receptor ag-
onists at 1 μM for 15 min: 17-phenyl trinor Prostaglandin E2 ethyl amide
as EP1 agonist, Butaprost as EP2 agonist, Sulprostone as EP3 agonist,
and L-902,688 as EP4 agonist. In A549, EGF, used as positive control,

promoted a significant (over 2-fold higher than baseline) ERK5 activa-
tion. Both PGE2 and EP1 agonists showed a significant ERK5 activation
(Fig. 1D, E). As expected, XMD8-92, a pharmacological ERK5 inhibitor,
reverted PGE2-induced activation of ERK5 in A549, as witnessed by the
reduced phosphorylation at ERK5 [38]. We found the same results in
PC9, where PGE2 and EP1 receptor agonist promoted ERK5 activation
(almost 1.7-fold more than in untreated cells) (Fig. 1F, G).

Activation of ERK5 by PGE2 and EP1 (1 μM) was further confirmed

Fig. 2. PGE2 induces NSCLC proliferation and cell cycle progression through ERK5 activation. A549 (SC, ERK5KD A and B) cell proliferation after 24 (A) and
48 (B) hours of treatment with PGE2 (1 μM) or EGF (25 ng/ml) in 1 % FBS. **p < 0.01 vs untreated cells (CTR condition) and ## p < 0.01 vs A549 SC treated with
PGE2 or EGF; §§ p < 0.01 vs A549 SC treated with 10 % FBS. (C, D). Proliferation of A549 exposed to EGF (25 ng/ml) or PGE2 (1 μM) with or without XMD8-92 (5
μM, 30 min of pre-treatment) for 24 (C) and 48 (D) hours. *p < 0.05 and **p < 0.01 vs untreated cells (CTR condition); #p < 0.05 and ## p < 0.01 vs A549 SC
treated with PGE2 or EGF alone. (E, F). Proliferation of PC9 exposed to EGF (25 ng/ml) or PGE2 (1 μM) with or without XMD8-92 (0.5 μM, 30 min of pre-treatment)
for 24 (E) and 48 (F) hours. **p < 0.01 and ***p < 0.001 vs untreated cells (CTR condition); #p < 0.05 and ## p < 0.01 vs A549 treated with PGE or EGF alone. The
percentage of cells at each stage of the cell cycle was analyzed by flow cytometry after DNA staining with propidium iodide. Quantification of cells residing in S phase
(G) and G0/G1 (H) of cell cycle for A549 SC exposed to XMD8-92 (5 μM, 30 min of pre-treatment), PGE2 (1 μM) or their combination for 24 h. *p < 0.05 vs untreated
cells (CTR condition). # p < 0.05 vs A549 SC treated with PGE2. (I). Quantification of cells residing in different phases of cell cycle G0 for A549 ERK5 KD exposed to
PGE2 (1 μM) for 24 h. (J). c-Myc gene expression in A549 cells (SC, KD A and B) treated with PGE2 (0.1 μM and 1 μM) for 24 h. ***p < 0.001 vs untreated cells (CTR
condition). ### p < 0.001 vs A549 SC treated with PGE2. (K). c-Myc (57 kDa) protein expression in A549 cells (SC, KD A) treated with PGE2 and EP1 receptor
agonist (0 1 μM) for 48 h. (L). Quantification of blot reported in (K). CTR condition has assigned 1. *p < 0.05 vs CTR. β-actin (45 kDa) was used as loading control.
Blots are representatives of three independent experiments. Molecular weight markers on the left of blots.
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by its phosphorylation at MEK5-consensus residues (Thr219/Tyr 221)
(Fig. 1H,I) and at the autophosphorylation site Ser496 (Supplementary
Fig. 2A,B) [39]. Consistently with the above results, 15 min exposure to
PGE2 and EP1 promoted the phosphorylation of p90RSK and SGK1 in
A549 SC (Fig. 1H), and of SGK1 in PC9 (Fig. 1I). Interestingly, 60 min
exposure to PGE2 and EP1 increased the expression of KLF2, a target of
ERK5-dependent transcriptional regulation, in A549 SC, but not in A549
KD cells (Fig. 1J).

These results indicated that PGE2 promoted ERK5 signaling activa-
tion mainly via EP1 receptor in NSCLC cells.

3.2. PGE2 induces ERK5-dependent NSCLC cell proliferation and cell
cycle progression

The pro-tumoral properties of PGE2 have been extensively docu-
mented in several reports describing its effect bymultiple mechanisms in
vitro and in vivo models [40–42]. We then assessed whether ERK5
mediates the PGE2-induced lung cancer cell growth.

At 24 and 48 h in 1 % FBS, PGE2 induced NSCLC cell proliferation
(Fig. 2A and B) as previously reported [10].Time-dependent increase in

the number of A549 cells cultured under PGE2 stimulation was signifi-
cantly reduced upon ERK5 KD, while basal growth was not affected. This
lack of effect, obtained using low FBS concentration (i.e. 1 %) serum, is
at variance with a previous report in which, in high serum (10 % FBS)
knockdown of ERK5 significantly reduced basal growth [35], similar to
what observed in our experimental settings using 10% FBS. As expected,
ERK5KD impaired EGF-induced growth in A549 cells (Fig. 2A and B).
Similar results were obtained following pharmacological inhibition of
ERK5 kinase activity using XMD8-92. Indeed, XMD8-92 treatment
abolished the proliferation induced by PGE2 and EGF after 24 and 48 h
of treatment in both A549 (Fig. 2C and D) and PC9 cells (Fig. 2E and F).

The relevance of PGE2/ERK5 axis in the control of proliferation in
A549 cells was further investigated monitoring the effects on cell cycle.
Treatment with PGE2 resulted in an increase of the percentage of cells in
the S phase (Fig. 2G) and in a decrease, although not statistically sig-
nificant, in the proportion of cells in G0/G1 phase (Fig. 2H). In XMD8-
92-treated NSCLC cells, PGE2 failed to improve cell cycle progression.
In line with these observations, genetic inhibition of ERK5 determined
an inability of PGE2 to promote G1 to S-phase transition in A549 cells
(Fig. 2I). Finally, PGE2 caused a slight, but not significant increase, of

Fig. 2. (continued).
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cells residing in G2/M phase (Supplementary Fig. 3). The induction of
cell proliferation by promoting G1/S-phase transition during cell cycle
progression is one of c-Myc best characterized function, a feature linked
to its pro-oncogenic activity [43]. Consistently, PGE2 (at 0.1 and 1 μM)
showed a significant increase of c-Myc mRNA in A549 cells which was
abolished in ERK5 KD clones (Fig. 2J). Additionally, an increased
expression of c-MYC was observed in A549 SC, but not in ERK5 KD cells
exposed to PGE2 (Fig. 2K).

These results demonstrated that PGE2 promoted NSCLC cell prolif-
eration and cell cycle progression at least in part by activating ERK5.

3.3. Involvement of ERK5 in cell migration and invasion in response to
PGE2

To further explore the possible contribution of PGE2/ERK5 axis to
the aggressive phenotype of NSCLC cells, we investigated the effects of
ERK5 silencing or pharmacological inhibition of its kinase activity on
the capacity of NSCLC cells to migrate under PGE2 stimulation. In

wound healing assay, PGE2 promoted A549 SC migration by speeding
up the scratch closure process after 18 h (Fig. 3A and B). ERK5 silencing
impaired the ability of PGE2 to induce migration of A549 cells. More-
over, ERK5 inhibition with XMD8-92 was associated with a significant
reduction of PC9 motility (Fig. 3C and D), further supporting a critical
role of ERK5 in PGE2-induced NSCLC cell migration.

Next, we investigated the role of ERK5 in modulating the invasive
phenotype of NSCLC cells exposed to PGE2, using the Boyden chamber
and gelatin-coated filters. As reported in literature, we found that PGE2
exposure significantly increased the number of A549 (Fig. 3E) and PC9
(Fig. 3F) invading cells [44]. Furthermore, using selective EP receptor
agonists EP1 agonist promoted A549 and PC9 invasion, while EP4
agonist showed a significant increase of PC9 motility, indicating their
relevance for PGE2-mediated invasion (Fig. 3E and F). Pharmacological
inhibition of ERK5 by XMD8-92 abolished NSCLC cell mobilization,
demonstrating an involvement of ERK5 activation in PGE2-mediating
invasion.

Fig. 3. PGE2 promotes NSCLC cell migration and invasion by activating EP1 and ERK5 signaling. (A, B). Scratch closure after 18 h of PGE2 treatment (1 μM) in
A549 (SC, ERK5 KD A and B) cells. #p < 0.05 vs untreated cells (CTR condition). Scale bar, 100 μm. (C, D). PC9 cells scratch closure exposed to PGE2 (1 μM) for 18 h
(1 % FBS) with or without XMD8-92 (0.5 μM, 30 min of pre-treatment). *p < 0.05 vs untreated cells (Ctr condition). (E). Tumor cell invasion evaluated by Boyden
chamber assay in A549 SC exposed to EP receptors agonists (1 μM) for 8 h (1 % FBS) with or without XMD8-92 (5 μM, 30 min of pre-treatment). *p < 0.05 and **p <
0.01 vs untreated cells (Ctr condition); #p < 0.05 and ##p < 0.01 vs A549 treated with PGE2 or EP receptor agonist alone. (F). Invasion of PC9 cells. Cells were
exposed to EP receptors agonists (1 μM) for 8 h (1 % FBS) with or without XMD8-92 (0.5 μM, 30 min of pre-treatment). *p < 0.05 and **p < 0.01 vs untreated cells
(CTR condition); #p < 0.05 and ##p < 0.01 vs A549 treated with PGE2 or EP receptor agonist alone.
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3.4. PGE2 promotes lung cancer stem-like cell phenotypes and clonogenic
properties through ERK5

Three-dimensional sphere models are widely used to promote the
growth of tumor cell populations with stem-like properties in vitro.
NSCLC cells were cultured in low attachment conditions and exposed to
PGE2. Under these experimental settings, compared with untreated
cells, PGE2 increased the ability of A549 and PC9 to form tumorspheres,
evaluated by number of spheres and their size (an index of CSC expan-
sion) (Fig. 4A–C for A549 and Fig. 4D for PC9).

The contribution of ERK5 in the regulation of the stemness pheno-
type induced by PGE2 was established in NSCLC cells co-treated with
XMD8-92, in which a significant reduction in spheres formation was
found (Fig. 4A–C for A549 and Fig. 4D for PC9). Similarly, PGE2 was
unable to induce spheres formation in A549 ERK5KD cells (Fig. 4A–C).
We also observed a significant increase expression of KLF4, OCT4, SOX2,
and Nanog in PGE2-treated A549 (Fig. 4E–F). XMD8-92 exposure causes
a significant reduction of KLF4 OCT4 and SOX2 expression (Fig. 4E-F).
The Wnt/β-catenin signaling plays a pivotal role in stemness and cell
plasticity [45]. Interestingly, PGE2 promoted β-catenin intracellular
redistribution from cell membrane to perinuclear area in A549 SC, while
its activity was reduced in A549 KD cells (Fig. 4G), indicating that
β-catenin mobilization induced by PGE2 is dependent on ERK5 activa-
tion [46]. However, whether this effect is linked to PGE2-induced
stemness features remains to be addressed.

Next, we focused on clonal expansion capacity of A549 cells, and
found maximum clonal induction under PGE2 stimulation in A549 cells
(Fig. 4H–J). In contrast, A549 ERK5KD cells showed a lower clonogenic
capacity even when treated with PGE2 (Fig. 4H–J).

Taken together these findings indicate that PGE2 mediates lung
cancer cell stemness and clonogenic capability through activation of
ERK5.

4. Discussion

PGE2, a key inflammatory mediator and the principle metabolic
product of the COX enzyme, has been established as playing a major role
in cancer, with cancer-promoting PGE2-mediated inflammation an
enabling characteristic underlying many, if not all, the hallmarks of
cancer. Both PGE2 and ERK5 are known to be involved in several
cellular processes, including cell proliferation, differentiation, survival,
migration, mesenchymal transition, stemness, angiogenesis, and sup-
pression of host immunity both in normal and in neoplastic cells
[5,15,17,31,41,47–50].

In this study, we demonstrated that PGE2 promotes ERK5 activation
through EP1 receptor and that this activation is central for prostanoid-
mediated functions, such as proliferation, invasion, and induction of a
stem-like phenotype in a preclinical model of NSCLC cells, namely A549
and PC9 cells.

In lung cancer, activation of ERK5 promotes cell proliferation, while
inhibition of its kinase activity or silencing of its expression correlates

with inhibition of proliferation in several lung adenocarcinoma models,
both in vitro and in vivo studies [35,51]. At the clinical level, over-
expression of MEK5/ERK5 is linked to a poor prognosis for lung cancer
patients [35,52,53]. High combined expression levels of MEK5 and
ERK5 are significantly associated with poor overall survival of patients
with lung adenocarcinoma [52], and the levels of ERK5 and phosphor-
ylated ERK5 are higher in lung cancer tissues than in normal lung tissues
and much higher in high-grade lung cancer tissues than in low-grade
lung cancer tissues [53], clearly indicating that ERK5 activation corre-
lates with lung cancer malignancy.

In this study, we show that PGE2, whose activity in lung adenocar-
cinoma cell proliferation was previously demonstrated by us, as well as
by other laboratories [10,54–56], promotes ERK5 activation and the
growth of A549 and PC9 cells, and that pharmacological inhibition of
ERK5 through the inhibitor XMD8-92, as well as ERK5 knockdown re-
duces their growth. Of note, in high proliferative condition (10 % FBS)
an increased proliferation arose in untreated ERK5 SC cells, which is not
reported in A549 KD. This modulation is not observable in 1 % serum
condition (our control condition), revealing a serum-dependency effect
that arose only in high proliferative conditions, according with Sánchez-
Fdez reported analysis [35].

Both the antibody to total ERK5 to highlight the presence of un
upshifted band upon ERK5 phosphorylation and the antiphospho-ERK5
antibody against p-ERK5Thr218/Y220 (that recognizes MEK5-dependent
phosphorylation sites Thr219/Y221) and p-ERK5Ser496 consistently
demonstrate the functional correlation between exposure of A549 and
PC9 to PGE2 and activation of ERK5. On the other hand, the use of two
silencers for ERK5 expression and the pharmacological inhibitor XMD8-
92 further confirmed the mechanistic involvement of ERK5 in the pro-
tumorigenic activities of PGE2 in the two cellular models under study.
Additionally, despite XMD8-92 has been reported to be a dual ERK5/
BRD inhibitor, although largely used to study ERK5 [13,57], genetic
know down of ERK5 was able to recapitulate all the effects determined
by XMD8-92 thus demonstrating the key role of ERK5 activation in all
the PGE2-dependent biological process analyzed in the study.

XMD8-92 was used to block ERK5 activity rather than to prevent its
phosphorylation by MEK5 at a specific residue, as well as its KD. Indeed,
the aim of this manuscript was to demonstrate the existence of a func-
tional link between PGE2 and ERK5, i.e. to demonstrate the mechanistic
role of ERK5 in the pro-tumor activity of this inflammationmediator. We
found that PGE2 induces ERK5 phosphorylation at both MEK5-
consensus residues (i.e. Thr219/Tyr221) and Ser496. The fact that
ERK5 is phosphorylated at Ser496 upon PGE2 administration is an
intriguing finding because this site has been reported to be both auto-
phosphorylated and a substrate for p90RSK [39,58], the latter found to
be phosphorylated, in turn, following PGE2 administration to NSCLC
cells. We are aware, however, that we did not provide demonstration
that these are the only phosphorylating events involved in PGE2-
dependent pro-tumorigenic activities involving ERK5, so that this
aspect deserves further investigation.

A variety of downstream cytosolic or nuclear substrates, such as the

Fig. 4. PGE2 enhances NSCLC cells in vitro stemness and clonogenicity in ERK5-dependent manner. (A). Representative images of tumorspheres (4×
magnification) showing morphology of A549 SC or ERK5 KD (A and B) spheres grown for 7 days on ultra-low attachment plate exposed to PGE2 (1 μM) or not for 7
days or A549 spheroids treated with PGE2 (1 μM), XMD8-92 (5 μM) or their combination for 7 days. Scale bar, 100 μm. (B). Quantification of A549 tumorspheres
number. Ten pictures for each well were quantified. **p < 0.01 vs A549 SC untreated cells (CTR condition); #p < 0.05 vs A549 SC treated with PGE2. (C).
Quantification of A549 tumorspheres treated with XMD8-92. **p < 0.01 vs A549 SC untreated cells (CTR condition); #p < 0.05 vs A549 SC treated with PGE2 alone.
(D). Representative images of tumorspheres (4×magnification) showing the morphology of PC9 spheres grown for 7 days on ultra-low attachment plate treated with
PGE2 (1 μM), XMD8-92 (0.5 μM) or their combination. Scale bar, 100 μm. (E). Western Blot analysis of stemness markers KLF4 (65 kDa) and Nanog (42 kDa), and
SOX2 (35 kDa) and OCT4 (45 kDa) in A549 SC cells exposed to XMD8-92 (5 μM), PGE2 (1 μM) or their combination for 7 days. (F). Quantification of blots reported in
E. β-actin (45 kDa) was used as loading control. Blot representatives of three independent experiments. ***p < 0.01 vs untreated cells (CTR condition); #p < 0.05 and
##p < 0.01 vs A549 treated with PGE2 alone. Molecular weight markers on the left of blots. (G). Confocal β-catenin analysis in A549 cells treated with PGE2 for 4 h.
Representative images of three experiments at 63×magnification are shown. Scale bar: 20 μm. (H). Clone formation in A549 SC, ERK5 KD A or B exposed to PGE2 (1
μM) for 10 days. Scale bar, 100 μm. Quantification of clone diameter (I) and number (J) of A549 cell. *p < 0.05 and **p < 0.01 vs untreated A549 SC. ##p < 0.01 vs
A549 SC treated with PGE2.
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protein kinases p90RSK and SGK are phosphorylated by the MAPKs,
including ERK5, to elicit a range of cellular responses [58,59]. In
agreement, in A549 and PC9, exposure to PGE2 and EP1 also promoted
the phosphorylation of p90RSK and SGK1. Additionally, ERK5 was
proposed to control G1-S cell cycle progression by the regulation of
SGK1 [60]. Through cell cycle analysis, we have shown that inhibition of
ERK5 activity affects the S and G0/G1 phases of cell growth, in line with
our and previous evidence [61]. Indeed, both A549 and PC9 exposed to
PGE2 show an increase in S-phase and a concomitant reduction in the
proportion of cells in G0/G1 phase, which are reverted either by the
presence of XMD8-92 or by ERK5 depletion through its silencing. ERK5
expression and activity is related to the transcription of a variety of ef-
fectors, including KLF2 and the proto-oncogene c-Myc expression and c-
Myc protein stabilization in several cancer cell models [57,62]. In A549
lung cancer cells, PGE2 significantly promotes KLF2 and c-Myc expres-
sion, which are suppressed by depletion of ERK5, indicating that this
effect is mediated by the expression of the kinase. Dowregulation of c-
Myc mRNA below levels measured under control conditions indicate
that this protooncogene is strongly associated with the expression and
activity of ERK5 and reinforce the findings on the antiproliferative effect
of ERK5 depletion or pharmacological inhibition on lung adenocarci-
noma cells exposed to both PGE2 and high serum. Furthermore, the low
amount of c-MYC in ERK5 KD cells exposed to PGE2 corroborated our
data according with published evidence [10]. Of note, compensatory
mechanisms involved into the regulation of c-MYC exist, and other
members of ERK family could play a key role in this game, replacing the
absence of ERK5 [63].

Elevated ERK5 expression in lung cancer was linked to the acquisi-
tion of increased metastatic and invasive potential [53]. Our results also
show that ERK5 activation is required for the invasion of A549 and PC9
cells, studied by means of the scratch and the Boyden chamber assays. In
both assays, exposure of the cells to PGE2 promotes their invasion,
which is abolished by co-treatment of the cells with ERK5 inhibitor or
gene silencing. ERK5 is reported in the literature to activate the
epithelial-mesenchymal transition in many tumor models, and only in
fewmodels there are indications suggesting an active role of ERK5 in the
cytoskeleton rearrangements, prodromal to cell motility and invasion
[64–68]. We and others have shown that PGE2 instead can promote both
the epithelial-mesenchymal transition process in lung adenocarcinoma
cells and the rearrangement of their cytoskeleton [40,69]. Further
studies will be necessary to assess whether PGE2-induced ERK5 acti-
vation is mainly involved in the control of epithelial-mesenchymal
transition and/or cytoskeleton rearrangement in the A549 and PC9
cell invasion.

There are no indications in the literature on the role of ERK5 in the
stem phenotype of lung cancer cells, and overall, few studies indicate a
contribute of MEK5/ERK5 signaling in cancer stemness [50,70–72].
Recently Fukasawa and colleagues demonstrated that MEK5-ERK5-
STAT3 pathway plays an essential role in maintaining glioma stem
cell stemness and tumorigenicity, and that pharmacologic inhibition of
ERK5 significantly inhibited glioma stem cell self-renewal and growth
[73]. In this study we show that PGE2 promotes a stem-like phenotype in
A549 and PC9 cells and that this process is mediated, at least in part, by
ERK5 activation. In fact, we show that both A549 and PC9 cells when
exposed to PGE2 acquire the ability to form tumorspheres in a low
attachment culture system and express markers of stemness such as
Nanog, OCT4, SOX2, and KLF4. Co-treatment with XMD8-92 or
silencing of ERK5 significantly reduces both tumorsphere formation
capacity and marker expression. In the clonogenic assay, a model of self-
renewal for tumor cells, ERK5 silencing markedly reduces both clone
diameters and numbers, indicating that PGE2 mediates A549 lung
cancer cell stemness and clonogenic capability through activation of
ERK5.

PGE2 mediates its biological functions through the activation of four
G-protein-coupled receptors, EP1–4. Several signals are downstream to
PGE2/EPs axis, unveil a redundancy in PGE2-mediated tumorigenic

properties in cancer. We already demonstrated in A549 that PGE2
mainly through EP3 receptor promotes EGFR internalization and cancer
cell proliferation [10,74]. In this, our results show that the activation of
ERK5 by PGE2 in A549 and PC9 is mainly mediated by EP1 receptor.
Indeed, by using agonists for the four EPs receptors, we show that only
the EP1 agonist can promote phosphorylation of ERK5, and that in the
cell invasion model it promotes invasion of A549 and PC9 cells and that
this effect is reduced by treatment with XMD8-92. The molecular
mechanism involved in PGE2/EP1 activation of ERK5 was not investi-
gated, but several hypotheses can be made. EP1 receptors couple to Gαq
protein andmediate signaling events by activation of PLC. This results in
the elevation of cytoplasmic signaling intermediates including IP3 and
DAG, an increase in intracellular Ca2+, leading to the activation of PKC
[9]. Furthermore, EP1 activation of PKC was linked to src and EGFR
transactivation, and ERK5 is known to be an important component of the
pathway of various cellular signals activated by EGFR [9,75,76]. In our
cellular models, whether EP1-induced PKC activation is directly
involved in the phosphorylation of ERK5, or whether this activation is
mediated by the transactivation of EGFR by PGE2 has not been inves-
tigated and will require further study.

5. Conclusions

In conclusion, the above findings demonstrate that ERK5 activation
is involved in PGE2- mediated proliferation, invasion and gain of a stem-
like phenotype in human lung adenocarcinoma cells. Mechanistically,
activation of ERK5 by PGE2 is mainly mediated by EP1 receptor. Further
analysis is needed to dissect PGE2/EP1 signaling leading to ERK5 acti-
vation, and the functional role of different phosphorylating events
within the ERK5 protein in mediating PGE2’s pro-tumorigenic effects.
Targeting this axis for inhibition holds promise as a potential avenue for
the development of novel therapeutic agents aimed at control the
advancement of NSCLC.
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Almazán, A. Pandiella, et al., Clinical, genetic and pharmacological data support
targeting the MEK5/ERK5 module in lung cancer, npj Precis Onc. 5 (1) (2021 Aug
17) 1–13.

[36] I. Seidita, I. Tusa, M. Prisinzano, A. Menconi, F. Cencetti, S. Vannuccini, et al.,
Sphingosine 1-phosphate elicits a ROS-mediated proinflammatory response in
human endometrial stromal cells via ERK5 activation, FASEB J. 37 (8) (2023)
e23061.

[37] Y. Kato, R.I. Tapping, S. Huang, M.H. Watson, R.J. Ulevitch, J.D. Lee, Bmk1/Erk5 is
required for cell proliferation induced by epidermal growth factor, Nature 395
(6703) (1998 Oct 15) 713–716.

[38] J.K. Thompson, A. Shukla, A.L. Leggett, P.B. Munson, J.M. Miller, M.
B. MacPherson, et al., Extracellular signal regulated kinase 5 and inflammasome in
progression of mesothelioma, Oncotarget 9 (1) (2017 Dec 6) 293–305.

[39] N. Mody, D.G. Campbell, N. Morrice, M. Peggie, P. Cohen, An analysis of the
phospho- rylation and activation of extracellular-signal-regulated protein kinase 5
(ERK5) by mitogen-activated protein kinase kinase 5 (MKK5) in vitro, Biochem. J.
372 (Pt 2) (2003 Jun 1) 567–575.

[40] S. Donnini, F. Finetti, R. Solito, E. Terzuoli, A. Sacchetti, L. Morbidelli, et al., EP2
prostanoid receptor promotes squamous cell carcinoma growth through epidermal
growth factor receptor transactivation and iNOS and ERK1/2 pathways, FASEB J.
21 (10) (2007 Aug) 2418–2430.

[41] F. Finetti, E. Terzuoli, A. Giachetti, R. Santi, D. Villari, H. Hanaka, et al., mPGES-1
in prostate cancer controls stemness and amplifies epidermal growth factor
receptor-driven oncogenicity, Endocr. Relat. Cancer 22 (4) (2015 Aug) 665–678.

[42] K. Krysan, R. Kusko, T. Grogan, J. O’Hearn, K.L. Reckamp, T.C. Walser, et al.,
PGE2-driven expression of c-Myc and OncomiR-17-92 contributes to apoptosis
resistance in NSCLC, Mol. Cancer Res. 12 (5) (2014 May 1) 765–774.

[43] L. García-Gutiérrez, G. Bretones, E. Molina, I. Arechaga, C. Symonds, J.C. Acosta, et
al., Myc stimulates cell cycle progression through the activation of Cdk1 and
phosphorylation of p27, Sci. Rep. 9 (1) (2019 Dec 10) 18693.

[44] J.I. Kim, V. Lakshmikanthan, N. Frilot, Y. Daaka, Prostaglandin E2 promotes lung
cancer cell migration via EP4-betaArrestin1-c-Src signalsome, Mol. Cancer Res. 8
(4) (2010 Apr) 569–577.

[45] R. Fodde, T. Brabletz, Wnt/beta-catenin signaling in cancer stemness and
malignant behavior, Curr. Opin. Cell Biol. 19 (2) (2007 Apr) 150–158.

[46] K. Pan, W. Lee, C. Chou, Y. Yang, Y. Chang, M. Chien, et al., Direct interaction of
β-catenin with nuclear ESM1 supports stemness of metastatic prostate cancer,
EMBO J. 40 (4) (2021 Feb 15) e105450.
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Prolonged exposure to simulated microgravity promotes stemness impairing
morphological, metabolic and migratory profile of pancreatic cancer cells: a
comprehensive proteomic, lipidomic and trans- criptomic analysis, Cell. Mol. Life
Sci. 79 (5) (2022 Apr 7) 226.

[71] D.M. Pereira, S.E. Gomes, P.M. Borralho, C.M.P. Rodrigues, MEK5/ERK5 activation
regulates colon cancer stem-like cell properties, Cell Death Discov. 5 (1) (2019 Feb
11) 1–13.

[72] C.A.C. Williams, R. Fernandez-Alonso, J. Wang, R. Toth, N.S. Gray, G.M. Findlay,
Erk5 is a key regulator of naive-primed transition and embryonic stem cell identity,
Cell Rep. 16 (7) (2016 Aug 16) 1820–1828.

[73] K. Fukasawa, J. Lyu, T. Kubo, Y. Tanaka, A. Suzuki, T. Horie, et al., MEK5-ERK5
axis promotes self-renewal and tumorigenicity of glioma stem cells, Cancer Res.
Commun. 3 (1) (2023 Jan) 148–159.

[74] L. Bazzani, S. Donnini, A. Giachetti, G. Christofori, M. Ziche, PGE 2 mediates EGFR
internalization and nuclear translocation via caveolin endocytosis promoting its
transcriptional activity and proliferation in human NSCLC cells, Oncotarget 9 (19)
(2018 Mar 13) 14939–14958.

[75] S. He, D. Dong, J. Lin, B. Wu, X. Nie, G. Cai, Overexpression of TRAF4 promotes
lung cancer growth and EGFR-dependent phosphorylation of ERK5, FEBS Open Bio
12 (10) (2022 Oct) 1747–1760.

[76] W. Zhao, D. Yu, Z. Chen, W. Yao, J. Yang, S.S. Ramalingam, et al., Inhibition of
MEK5/ERK5 signaling overcomes acquired resistance to the third generation EGFR
inhibitor, osimertinib, via enhancing Bim-dependent apoptosis, Cancer Lett. 28
(519) (2021 Oct) 141–149.

A. Filippelli et al. BBA - Molecular Cell Research 1871 (2024) 119810 

13 

http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0245
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0245
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0245
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0250
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0250
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0250
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0255
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0255
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0255
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0260
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0260
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0260
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0265
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0265
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0265
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0270
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0270
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0270
https://doi.org/10.1096/fj.201802547R
https://doi.org/10.1096/fj.201802547R
https://doi.org/10.1016/j.lfs.2014.07.042
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0285
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0285
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0285
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0290
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0290
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0290
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0295
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0295
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0295
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0300
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0300
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0300
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0300
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0305
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0305
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0305
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0310
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0310
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0310
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0315
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0315
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0320
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0320
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0325
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0325
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0325
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0330
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0330
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0330
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0335
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0335
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0335
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0340
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0340
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0340
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0345
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0345
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0345
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0350
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0350
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0350
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0350
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0350
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0355
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0355
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0355
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0360
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0360
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0360
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0365
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0365
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0365
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0370
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0370
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0370
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0370
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0375
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0375
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0375
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0380
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0380
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0380
http://refhub.elsevier.com/S0167-4889(24)00153-8/rf0380

	ERK5 mediates pro-tumorigenic phenotype in non-small lung cancer cells induced by PGE2
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Cell cultures
	2.3 Proliferation assay
	2.4 Cell cycle analysis
	2.5 Western blot
	2.6 Tumor cell migration
	2.7 Tumor cell invasion
	2.8 Clonogenic assay
	2.9 In vitro tumorsphere formation assay
	2.10 Immunofluorescence analysis
	2.11 RNA isolation and quantitative RT-PCR
	2.12 Statistical analysis

	3 Results
	3.1 PGE2 activates ERK5 in NSCLC cells through EP1 receptor
	3.2 PGE2 induces ERK5-dependent NSCLC cell proliferation and cell cycle progression
	3.3 Involvement of ERK5 in cell migration and invasion in response to PGE2
	3.4 PGE2 promotes lung cancer stem-like cell phenotypes and clonogenic properties through ERK5

	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


