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Platelet-derived thromboxane A, induces cyclooxygenase-2
and epithelial-mesenchymal transition marker genes in U-§87MG
human glioblastoma cells
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ABSTRACT

Glioblastoma(GBM) is an aggressive, treatment-resistant brain tumor. Elevated platelet counts are associated with tumor growth,
and platelets accumulate in GBM tumors. Our study found that cyclooxygenase(COX)-2 expression and prostaglandin(PG)E,
biosynthesis increase during the formation of U-87MG GBM cell spheroids. The COX-2 inhibitors celecoxib and rofecoxib inhibited
PGE, biosynthesis and reduced U-87MG spheroid growth. In cocultures of platelets with U-87MG spheroids, enhanced
thromboxane(TX)B, was reduced by the selective exposure of platelets to aspirin, suggesting a platelet origin. In U-87MG cells, platelets
increased the expression of COX-2 and epithelial-mesenchymal transition (EMT) marker genes. These effects were prevented by
pretreating platelets with aspirin to inhibit TXA, biosynthesis or with a TXA, receptor antagonist. A TXA, mimetic induced both COX-
2 and EMT markers in spheroids. Altogether, these findings indicate that platelet TXA, induces COX-2 and promotes EMT in U-87MG
cells. Aspirin, by inhibiting platelet TXA,, could contribute to reduced tumor growth and invasion in GBM.
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Glioblastoma (GBM) represents the most prevalent and ag-
gressive type of malignant brain tumor in adults.! Current treat-
ment options yield a survival rate of less than 5% beyond 5
years.? Epidemiological data indicate that regular intake of non-
steroidal antiinflammatory drugs (NSAIDs) may be associated
with a lower risk of GBM, potentially through the inhibition of
cyclooxygenase-2 (COX-2) activity, thereby reducing
prostaglandin(PG)E, biosynthesis. PGE, is a biologically active
lipid mediator that plays a role in the development and progres-
sion of neoplastic diseases.* COX-2-dependent PGE, affects var-
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ious GBM cellular functions, including proliferation, inhibition
of programmed cell death (apoptosis), invasion into surrounding
tissue, formation of new blood vessels (angiogenesis), and sup-
pression of immune responses (immune escape), underscoring
its potential as a therapeutic target.*

Aspirin is an NSAID that irreversibly inhibits the activity of
COX-1 and COX-2 by acetylating a serine residue in the active
site of the COX-isozymes, specifically at serine residues 529 of
COX-1 and 516 of COX-2. At low doses, aspirin exerts its an-
tithrombotic effects by selectively inhibiting platelet COX-1,
thereby reducing thromboxane (TX) A, generation.’ Aspirin use
for 6 months or more is associated with a decreased risk of
glioma. It is unknown whether aspirin acts through platelet in-
hibition or by directly affecting GBM cells. Elevated platelet
counts in GBM patients also appear to be linked to tumor
growth.’

Identifying new agents for tumor therapy and analyzing their
effects requires models that closely resemble the patient’s tumor.
Traditional 2D cell cultures only partially mimic solid tumors
and are inadequate for high-throughput screening (HTS).
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3D tumor spheroids are a better approach for HTS with glioma
cell lines and ultra-low-attachment plates.?

Our study aimed to develop spheroids of human U-87MG
cells, a widely used epithelial-like cell line derived from a
human glioblastoma (brain cancer), commonly used in cancer
research, neuroscience, and drug testing to model aggressive
brain tumors.” COX-1 and COX-2 expression and prostanoid
and other eicosanoid biosynthesis were evaluated. Additionally,
the effects of selective COX-2 inhibitors (coxibs) such as rofe-
coxib and celecoxib on U-87MG cell spheroid growth were
studied. An additional objective was to examine whether
platelets cocultured with U-87MG cells under three-dimensional
(3D, spheroid) or two-dimensional (2D) culture conditions in-
fluence the expression of COX-2 and epithelial-mesenchymal
transition (EMT) gene markers. Our findings suggest that 1)
COX-2-dependent PGE, contributes to tumor growth in U-
87MG cells, as evidenced by its decrease following treatment
with selective COX-2 inhibitors; ii) platelet-derived TXA, in-
duces COX-2 and promotes EMT in U-87MG cells, since the
platelet effects are mitigated by selective inhibition of aspirin
and a TXA, receptor antagonist. In conclusion, by inhibiting
platelet TXA,, aspirin may reduce tumor growth and invasive-
ness in GBM.

Materials and Methods

Culture of human glioblastoma cell line U-87MG
and generation of 3D spheroids of U-8§7MG cells

U-87MG, a human glioblastoma cell line, was purchased by
American Type Culture Collection (ATCC, Manassas, USA),
and cultured in EMEM medium (Sigma Aldrich, Italy) contain-
ing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin
(P/S), and 2 mM of L-glutamine until confluence. To obtain 3D
cultures of U-87MG cells, also known as spheroids, U-87MG
cells were seeded in 24-well plates precoated with agarose as
previously reported.'Briefly, to prepare a 1.5% (w/v) agarose-
coated multiwell, agarose purified powder (Sigma-Aldrich,
Italy) was dissolved in phosphate-buftered saline (PBS). After
high-pressure sterilization, 0.5 ml of the agarose solution was
added to each well, and the gelation occurred at room tempera-
ture. U-87MG cells were dissociated into single cells by
trypsinization, seeded into agarose-coated wells at approxi-
mately 1x10° in 0.5 mL of their complete medium, and incu-
bated at 37°C with 5% CO, for 8 days. Images of spheroids were
captured daily for up to 8 days using phase-contrast microscopy
(Leica Microsystems), and spheroid diameters were measured
using Imagel. If the spheroid was almost round, the volume
(mm?®) was calculated using the formula 1/6 x & x d* = 0.5236 x
d? (d = diameter in mm). If the spheroid was ellipsoidal (like a
rugby ball), the volume formula was 0.5236 x L x W? [L = major
diameter (mm); W = minor diameter (mm)].

Western blot analysis

Protein extraction of U-87MG spheroids was performed as
previously described.!"'> Protein expression was detected using
the specific antibodies: COX-2 (Cayman, #160112, dilution
1:1000), COX-1 (Cayman, #160108, dilution 1:1000), anti-
TXA, receptor(TP) (Cayman, #10004452, dilution 1:1000), and

GAPDH (Santa Cruz Biotechnology, sc20357, dilution 1:1000,
used as loading control). Optical density (OD) for different spe-
cific bands was quantified using Alliance 1D software
(UVITEC).

Assessment of eicosanoid lipidomics of U-87MG
spheroids

To investigate the effects of celecoxib and rofecoxib on
eicosanoid biosynthesis, U-87MG spheroids, at 8 days of for-
mation, were incubated with rofecoxib, celecoxib (at the final
concentration of 10 uM), or vehicle (DMSO) at 37°C with 5%
CO,; then arachidonic acid (AA) (final concentration 10 pM)
was added for a further 30 minutes (min), and supernatants were
collected. In the supernatants, the levels of 12R/S-HETE, 15R/S-
HETE, 5R/S-HETE, and 8R/S-HETE were assessed using liquid
chromatography-mass spectrometry (LC-MS/MS)."3 Moreover,
TXB, and PGE, levels were evaluated using specific immunoas-
says.'* Values were reported as nM (evaluated in 0.5 mL of con-
ditioned medium) corrected for the spheroid volume (mm?).

Effects of Celecoxib and Rofecoxib on U-87MG
spheroid formation

The U-87MG cells were dissociated into single cells and
seeded in agarose-coated wells at a density of about 2x10* cells
per 0.5 ml of their complete medium (10% FBS, 1% P/S, and
1% L-glutamine) and incubated at 37°C with 5% CO, for up to
8 days without or with vehicle (DMSO) or 10 uM of celecoxib
or rofecoxib (these compounds were added at day zero of sphe-
roid formation). Spheroids were imaged by phase-contrast mi-
croscopy (Leica Microsystems), and spheroid diameters were
measured using ImagelJ; volumes (mm?) were calculated as de-
scribed above.

Coculture experiments with U-87MG cells in 2D
or 3D conditions and isolated human platelets

U-87MG cells, cultured as previously described and disso-
ciated into single-cell suspensions, were seeded at a density of
5x10° cells into 12-well plates multiwell; after an overnight (~18
h after seeding), the culture medium was replaced with fresh
EMEM medium (Sigma Aldrich) containing 0.5% FBS, 1% P/S,
2 mM of L-glutamine, and polymixin B sulfate 10 pg/ml
(Sigma-Aldrich), to enable co-culture with platelets. Platelets
were isolated from the concentrated bufty coat obtained by the
Transfusion Centre (SS. Annunziata Hospital, Chieti, Italy) from
healthy volunteers after signing informed consent, as previously
described.'® Then, 0.1 ml platelet suspension (containing 0.5x10?
cells) was added to U-87MG cells (0.5x10° cells) (U-87MG
cells: platelets ratio was 1:100).'516

In some experiments, U-87MG cell spheroids at 4 days of
formation (as described above) were incubated with freshly iso-
lated human platelets from the buffy coat, as previously de-
scribed. 0.2 ml of platelet suspension (containing 1x107 cells)
was added to U-87MG spheroids (1x10° cells) (U-87MG cells:
platelets ratio was 1:100).'%16

In a set of experiment, the isolated platelets were pre-
treated with Aspirin (acetylsalicylic acid, ASA) 100uM for 30
min (to acetylate COX-1 at serine 529 and irreversibly inhibit
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COX-1 activity), and after extensive washing (to remove ASA)
the acetylated platelets were added to U-87MG cell in adhesion
or to spheroids at 4 days of formation; platelets in vitro, >95%
inhibition of platelet TXB, biosynthesis requires an aspirin
concentration of 100uM were also cultured alone. In vitro, an
aspirin concentration of 100 uM, which exceeds circulating
levels typically observed following low-dose administration,
is required to achieve greater than 95% inhibition of platelet
TXB, biosynthesis. This is because, in vivo, platelet COX-1
inhibition predominantly occurs presystemically- prior to first-
pass metabolism -and does not directly correlate with drug lev-
els in the systemic circulation. After 20 h, supernatants and
cellular pellets were collected. Supernatants were centrifuged
at 970g for 15 min at 4°C to remove platelets, then respun at
16,000 g for 40 min at 4°C, and the supernatants were col-
lected. U-87MG spheroids cultured alone or with platelets
were washed twice with PBS. Supernatants and cell pellets
were then frozen in liquid nitrogen and stored at —80°C. In an-
other set of experiments, U-87MG cells in adhesion or sphe-
roids at 4 days of formation were pre-treated with SQ29,548
(10 uM) for 30 min before platelet addition. Finally, in some
experiments, the U-87MG spheroids cultured for 4 days were
incubated with U46619 (250 nM) for 4 h.

mRNA analysis

Total RNA was isolated from U-87MG cells cultured in 2D
and 3D conditions using the Purelink RNA Mini Kit (Life Tech-
nologies). The levels of PTGS2, TWIST1, VIMENTIN, SNAILI,
and GAPDH mRNA were measured. Briefly, two pg of RNA
were retrotranscribed using the iScript cDNA Synthesis kit (Bio-
Rad, Hercules, CA, USA). Then, 100ng of cDNA was used in
the reaction mixture, and amplification of PTGS2, TWISTI,
VIM, SNAIL1, and GAPDH levels was performed using TagMan
gene expression assays (Hs00153133, Hs00361186,
Hs00185584, Hs00195591, Hs99999905, respectively) on a
7900HT Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA).

Statistical analysis

All data are reported as mean + SD unless otherwise stated.
Statistical analysis was performed using GraphPad Prism Soft-
ware (version 10.0 for Mac, GraphPad, San Diego, CA, USA).
Data were assessed for normality using the D’ Agostino-Pearson
test; the Student’s #-test was used to compare the means of two
independent groups, whereas one-way analysis of variance fol-
lowed by Newman-Keuls post-hoc test was used to compare the
means of more than two independent groups; p-values <0.05
were considered statistically significant.

Results

Culturing human U-87MG cells on a non-adhesive agarose
gel layer prevents adhesion to the plate and promotes sponta-
neous self-assembly into 3D structures (spheroids) that mimic
in vivo tissues. Spheroids were assembled within two days, and
their diameter remained stable for up to 4 days; thereafter, they
exhibited growth as a function of time (Figure 1A). COX-2 and
COX-1 proteins were almost undetectable at 4 days by Western

blot analysis. COX-2, but not COX-1, was induced at 8 days
(Figure 1 B,C). The biosynthesis of targeted eicosanoids was as-
sessed using LC-MS/MS and immunoassays at 8 days of culture.
The biosynthesis of PGE, and TXB, served as indicators of
COX isozyme activity, and the analysis of different hydroxye-
icosatetraenoic acids (HETEs) in R and S configurations al-
lowed the detection of enzymatic and non-enzymatic activities
within AA metabolism, including 5-, 12-, and 15-lipoxygenases,
as well as the HETEs produced by nonenzymatic oxidation. As
depicted in Figure 1D, PGE, was the predominant eicosanoid
generated by U-87MG cells in response to 10 uM of AA, ac-
counting for approximately 88.2% (15+3.6 nM/mm?) of the total
eicosanoid production (17 nM/mm?), while TXB, and all other
eicosanoids were 10% (1.7+0.3 nM/mm?) and 1.8%, respec-
tively. Celecoxib and rofecoxib significantly reduced the biosyn-
thesis of PGE, from spheroids of U-87MG human glioblastoma
cells at day 8 by 83% and 73%, respectively, without signifi-
cantly affecting the production of other eicosanoids (Figure 1D).
This inhibitory effect of PGE, by the 2 coxibs was associated
with a significant reduction in spheroid growth (Figure 1E).

U-87MG spheroids at 4 days cocultured with human
platelets for a further 20 h caused platelet activation, as evi-
denced by increased TXB, levels (Figure 2A). TXB, generation
was prevented by exposing platelets to aspirin (100 uM) before
adding them to U-87MG cells, suggesting that TXB, generation
in the coculture originated primarily from platelets. U-87MG
spheroids cultured alone generated only low levels of TXA,
(from endogenous AA), as measured by TXB, (Figure 2A), but
they expressed the TXA, receptor TP at both 4 and 8 days (Fig-
ure 2 B,C). Platelets cocultured with U-87MG spheroids for 20h
induced COX-2 expression in cancer spheroids (Figure 2D).
TXA, increased COX-2 expression in U-87MG spheroids, as
evidenced by the TXA, mimetic U46619 significantly increasing
COX-2 gene expression in these spheroids (Figure 2E). Platelets
and U46619 also enhanced TWIST1 expression, an EMT
marker (Figure 2 F,G).'¢

To provide evidence that platelet TXA, triggers gene expres-
sion of COX-2 and EMT marker genes in cocultured U-87MG
spheroids with platelets, we assessed the effects of aspirin ex-
posure of platelets (to irreversibly inhibit TXA, generation) be-
fore adding them to the spheroids and of the TXA, receptor
antagonist SQ 29,548. As shown in Figure 3 A-D, both aspirin
and SQ 29,548 significantly prevented the induction of COX-2
and EMT genes (TWIST1, SNAIL1, VIM) by platelets. Similar
results were observed in cocultures of platelets and U-87MG
spheroids under adhesion 2D conditions (Figure 3 E-H).

Discussion

While the “Stupp protocol” (surgery, radiation, and temo-
zolomide) remains the standard of care for GBM, several break-
through therapies are currently under investigation, and some
have received approval. Treatments for GBM are becoming in-
creasingly personalized, leveraging recent advances in im-
munotherapy and innovative strategies to bypass the
challenging blood-brain barrier.!” Our study demonstrates that
COX-2 is induced during U-87MG spheroid formation. COX-
2 expression was associated with PGE, production, and inhibi-
tion of COX-2 by coxibs was associated with growth inhibition.
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Figure 1. Characterization of spheroids of U-87MG cells and the effects of coxibs. U-87MG cells were dissociated into single cells, seeded
into agarose-coated wells at approximately 1x10° cells, and incubated at 37°C with 5% CO, for up to 8 days. Images of the spheroids were
captured at 4 and 8 days using phase-contrast microscopy (Leica Microsystems). The diameters of the spheroids were measured using Im-
agel, and their volumes (mm?) were calculated. A) U-87MG spheroid volume on days 4 and 8, along with representative images, is reported,;
data are presented as mean + SD (n=6-8 separate experiments). Individual values are also displayed; **p<0.01 vs day 4; scale bars: 100
um. B) The expression levels of COX-1, COX-2, and GAPDH (loading control) were assessed by Western blot. HCA-7 cells and platelets
(PIt) served as positive controls for COX-2 and COX-1, respectively. C) Densitometric analysis of COX-2 protein levels relative to GAPDH
loading control using optical density (OD). D) The effect of celecoxib and rofecoxib on the biosynthesis of eicosanoids by spheroids of U-
87MG cells was examined. Spheroids on day 8 were incubated with rofecoxib (10 pM), celecoxib (10 uM), or vehicle (DMSO) at 37°C
for 30 min, followed by the addition of AA (10 uM) for an additional 30 min. Subsequently, the supernatant was collected for eicosanoid
quantification; values were reported as nM (evaluated in 0.5 mL) corrected for the spheroid volume (mm?). The data are presented as
mean+SD (n=4, separate experiments), and individual values are shown; *p<0.05 vs DMSO+AA. E) The effects of celecoxib and rofecoxib
on the formation and growth of U-87MG spheroids are presented; after seeding U-87MG cells, either rofecoxib, celecoxib, or DMSO was
added. The volume of the spheroids was subsequently measured on the eighth day; data are reported as mean+SD (n=6-9, separate exper-
iments), with individual values also provided; **p<0.01 vs control.
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Figure 2. The interaction between platelets and U-87MG cell spheroids induces the expression of COX-2 and EMT marker genes. On day
4 of U-87MG spheroid cultures, the medium was replaced with fresh medium, and washed human platelets [pretreated with Aspirin (ASA)
100 uM for 30 min or its vehicle] were incubated for an additional 20h. Pellets were collected for qPCR analysis of PTGS2 (COX-2),
TWIST1, and GAPDH; TXB, levels were measured in the supernatants using a specific immunoassay. In some experiments, U-87MG
spheroids were incubated with vehicle (Baseline) or U46619 (a TXA, mimetic). A) TXB, levels measured in supernatants of U-87MG
spheroids cultured alone or with platelets, pretreated or not with ASA; data are presented as mean+SD (n=4, separate experiments), and in-
dividual values are also displayed; **p<0.01 vs other conditions. (B)The expression of TP receptors and GAPDH (loading control) was as-
sessed by Western blot in platelets and U-87MG spheroids cultured alone on day 4 and day 8. C) Densitometric analysis of TP receptor
protein levels relative to GAPDH loading control using optical density (OD). D,F) The gene expression of PTGS2 (COX-2), TWISTI, and
GAPDH (as an internal control for mRNA quantification) was evaluated in U-87MG spheroids cultured alone (CTR) or cocultured with
platelets for 20 h by qPCR; data are presented as mean+SD (n=6, separate experiments), and individual values are also displayed; **p<0.01,
*p<0.05 vs CTR. E,G) U-87MG spheroids were incubated with vehicle (Baseline) or U46619 (250nM) for 4 h, and PTGS2 (COX-2),
TWIST1, and GAPDH (as an internal control for mRNA quantification) were assessed by qPCR; data are presented as mean+SD (n=4-7,
separate experiments), and individual values are also displayed; **p<0.01 vs baseline.
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Further studies should be conducted to evaluate the impact of
COX-2 inhibitors on functional outcomes, including cell via-
bility, proliferation, apoptosis, and invasion or migration. Fur-
thermore, changes in spheroid integrity and the formation of a
necrotic core should be assessed. PGE, is a prostanoid that con-
tributes to tumor development through various mechanisms, in-
cluding proliferation, invasion, and inhibition of apoptosis.'®
Furthermore, PGE, inhibits immune responses, facilitating im-
mune evasion. Thus, combining a selective COX-2 inhibitor
that inhibits PGE, biosynthesis could help mitigate resistance
to immunotherapy in GBM. Despite promising preclinical find-
ings, the use of COX-2 inhibitors is challenged by concerns
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about increased cardiovascular risk and thrombotic events aris-
ing from inhibition of the protective pathway involving vascular
prostacyclin, which is produced by COX-2.5

Platelets accumulate in the distinctive “pseudopalisading”
regions of GBM tumors, particularly around hypoxic and
necrotic zones, where they interact with tumor cells and con-
tribute to GBM growth. This localized accumulation under-
scores the potential role of crosstalk between platelets and
cancer cells in the tumor’s aggressive biology, suggesting that
targeting platelet-tumor cell communication could offer viable
therapeutic strategies.!” We found that U-87MG cell spheroids
produce low levels of TXA, but express TXA, receptors. Platelet
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Figure 3. Effects of aspirin and a TXA, receptor antagonist on COX-2 and EMT marker gene expression in U-87MG cells cultured
under 3D or 2D conditions with platelets. A-D) On day 4 of U-87MG spheroid cultures, the medium was replaced with fresh medium,
and washed human platelets (plt) [pretreated with Aspirin (ASA) 100 uM for 30 min or its vehicle] were incubated for an additional 20
h. In some experiments, spheroids were incubated with SQ 29,548 (Sq, 10 uM) for 30 min prior to platelet addition, and the coculture
was then maintained for 20 h. The gene expression of PTGS2 (COX-2), TWISTI, SNAILI, VIM, and GAPDH (as an internal control for
mRNA quantification) was evaluated by gPCR in U-87MG spheroid cultures. Data are shown as mean + SD (n=4, separate experiments)
with individual values shown; *p<0.05, **p<0.01 vs U-87+plt. E-H) U-87MG cells were cultured in 12 multiwell plates, alone or co-
cultured with platelets (plt) that were not pre-treated or pre-treated with Aspirin (ASA). In another set of experiments, U-87MG cells
were incubated with SQ 29,548 (Sq, 10 uM) for 30 min before platelet addition, and the coculture was then maintained for 20 h. The
gene expression of PTGS2 (COX-2), TWISTI, SNAILI, VIM, and GAPDH (as an internal control for mRNA quantification) was eval-
uated by qPCR in U-87MG cells cultured alone or cocultured with platelets. Data are shown as mean + SD (n=3-5, separate experiments)
with individual values shown; *p<0.05 vs U-87+plt.
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interaction with U-87MG cell spheroids increases TXA, pro-
duction, which induces COX-2 and EMT marker genes in U-
87MG cells in both 3D and 2D cultures. These responses can be
prevented by aspirin, a TXA, inhibitor, or a TXA, antagonist.
However, the potential importance of the platelet TXA,-COX-
2 axis in GBM should be confirmed in patient-derived GBM
stem-like cells or well-established lines such as LN229, U251,
or T98G. In fact, a limitation of our study is that it used only U-
87MG cells, which have genomic differences from primary
GBM tumors and exhibit limited heterogeneity.

TXA,, a potent lipid mediator, plays a significant role in
platelet activation, vascular contraction, and inflammation. In
the context of cancer, it promotes cell proliferation, migration,
metastasis, and angiogenesis.'® Recent studies have demon-
strated that platelet-derived TXA, can evade immune detection
of cancer cells by inhibiting T-cell functions. TXA, acts as a neg-
ative regulator of T-cell activation and proliferation by binding
to the TP receptor on T cells, thereby initiating an immunosup-
pressive pathway dependent on the guanine nucleotide exchange
factor ARHGEF1.?° This pathway suppresses T-cell receptor
(TCR)-driven signaling and effector functions. Aspirin inhibits
platelet COX-1-dependent TXA, biosynthesis, thereby reacti-
vating the immune response against cancer cells.

Confirmation of our findings on the role of platelet TXA, in
promoting COX-2 and EMT across various GBM cell lines and
glioblastoma primary cells isolated from patients will provide a
rationale for in vivo studies in animal models and humans. These
studies will evaluate whether aspirin, an antiplatelet drug that
inhibits TXA, biosynthesis, or a TXA, receptor antagonist can
reduce GBM growth, mitigate its aggressive and invasive nature,
and overcome resistance to immunotherapy.
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