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Platelets promote tumor metastasis by inducing promalignant phenotypes in cancer cells and directly 

contributing to cancer-related thrombotic complications. Platelet-derived extracellular vesicles (EVs) 

can promote epithelial-mesenchymal transition (EMT) in cancer cells, which confers high-grade 

malignancy. 12S-hydroxyeicosatetraenoic acid (12-HETE) generated by platelet type 12-

lipoxygenase (12-LOX) is considered a key modulator of cancer metastasis through unknown 

mechanisms. In platelets, 12-HETE can be esterified into plasma membrane phospholipids (PLs), 

which drive thrombosis. Using cocultures of human platelets and human colon adenocarcinoma cells 

(line HT29) and LC-MS/MS, we investigated the impact of platelets on cancer cell biosynthesis of 

12S-HETE and its esterification into PLs and whether platelet ability to transfer its molecular cargo 

might play a role. To this aim, we performed coculture experiments with CFSE[5-(and-6)-

carboxyfluorescein diacetate, succinimidyl ester]-loaded platelets. HT29 cells did not generate 12S-

HETE or express 12-LOX. However, they acquired the capacity to produce 12S-HETE mainly 

esterified in plasmalogen phospholipid forms following the uptake of platelet-derived medium-sized 

EVs (mEVs) expressing 12-LOX. 12-LOX was detected in plasma mEV of patients with 

adenomas/adenocarcinomas, implying their potential to deliver the protein to cancer cells in vivo. In 

cancer cells exposed to platelets, endogenous but not exogenous 12S-HETE contributed to changes 

in EMT gene expression, mitigated by three structurally unrelated 12-LOX inhibitors. In conclusion, 

we showed that platelets induce the generation of primarily esterified 12-HETE in colon cancer cells 

following mEV-mediated delivery of 12-LOX. The modification of cancer cell phospholipids by 12-

HETE may functionally impact cancer cell biology and represent a novel target for anticancer agent 

development. 

 

Keywords: blood platelets; 12-HETE; 12-Lipoxygenase; extracellular vesicles; colorectal cancer; 

plasma membrane phospholipids; EMT; LC-MS/MS; platelet coculture 
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Introduction 

Arachidonic acid (AA) can be oxygenated by platelet-type 12S-lipoxygenase (12-LOX)[1] to 12S-

HpETE (hydroperoxyeicosatetraenoic acid), which is quickly reduced by glutathione peroxidase in 

the cell to form 12S-HETE (hydroxyeicosatetranoic acid)[2, 3]. 12-LOX is expressed principally in 

platelets [1], keratinocytes [4], and tumor cells (such as prostate cancer, breast cancer, colorectal 

cancer, and lung cancer) [5,6].    

The role of 12S-HETE in the control of platelet responses is not entirely elucidated. 12S-HETE has 

both anti- and pro-thrombotic functions [7]. It can potentiate platelet responses via NADPH oxidase 

activation to generate reactive oxygen species [8]. Moreover, 12-HETE has been shown to contribute 

to dense granule secretion [9]. While thrombin and collagen activate human platelets to release high 

levels of free 12S-HETE, significant amounts are also found esterified to membrane phospholipids 

(PLs), such as phosphatidylethanolamine (PE) and phosphatidylcholine (PC) [10]. Esterified 12-

HETE has been shown to directly enhance tissue-factor-dependent thrombin generation through 

promoting coagulation factor binding to membranes and is upregulated in human disease associated 

with venous thrombosis [10-12].  

12S-HETE facilitates the invasion and metastasis of tumors by different mechanisms, such as 

enhancing tumor cell motility, proteinase secretion, and angiogenesis [13-15]. In prostate carcinoma 

cells, 12-HETE binds the orphan receptor GPR31, also known as the 12S-HETE receptor, and induces 

a pro-migratory/invasive cell response [16]. 

It has been proposed that 12-LOX is a marker for cancer progression within the melanoma system 

[17]. Moreover, in a small clinical study performed in patients with esophageal squamous cell 

carcinoma who underwent esophagectomy, the extent of tissue 12-LOX expression was an 

independent prognostic factor for overall survival [18].  

The esterification of 12S-HETE in membrane PLs of cancer cells and their potential role in cancer 

development and progression has not been studied, and it is also unknown whether HETE-PLs may 

play a role in cancer-associated venous thrombosis. It is noteworthy that alterations in membrane PL 
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composition have been reported in cancer [19-25]. For example, in breast tumors, an increase in 

membrane PC and PE is detected versus adjacent normal tissue [23,24]. The PC content was found 

to be enriched in saturated fatty acids and correlated with high tumor grade and lower overall survival 

[23], and was associated with increased chemotherapy resistance [26]. Furthermore, PE and PC 

plasmalogens, a subclass of PLs characterized by a vinyl ether at the Sn1 position and an ester bond 

at the Sn2 position of the glycerol backbone, have been described to be altered in gastrointestinal 

cancer [27]. The assessment of plasmalogens in patients has been suggested to represent potential 

cancer biomarkers [28]. 

Several lines of evidence support the central role of platelets in the metastatic dissemination of cancer 

cells [29-31]. It has been reported that platelet-derived products induce the acquisition of a 

mesenchymal phenotype in cancer cells (as demonstrated by the expression of mesenchymal markers, 

including vimentin, fibronectin, the transcription factors Twist1, Snail, and Zeb) and the 

downregulation of epithelial marker expression, such as E-cadherin [32-34]. Platelet-induced 

mesenchymal tumor cells are characterized by enhanced migratory capacities translating into 

increased metastatic potential [32, 34].  

Platelets release extracellular vesicles (EVs), a heterogeneous population of small membrane-

enclosed vesicles, both in vivo and in vitro [35, 36]. EVs pelleted at intermediate centrifugation speed 

(lower than 20,000 g) are known as "medium size EVs" (mEVs, including microvesicles/ 

microparticles and ectosomes) [37]. Platelet-derived mEVs are nano-sized fragments (100-1000 nm) 

released from platelets under various physiological and pathological conditions [36]. EV containing 

molecular cargo (including microRNAs, miRs) can be delivered into recipient cells, thus influencing 

their phenotype and functions [31, 38-40]. Platelet-derived mEVs can infiltrate solid tumors in 

humans and mice, resulting in tumor cell apoptosis via the transfer of platelet-derived RNAs with 

miR-24 as a major species [40]. Platelet-derived mEVs can promote epithelial-mesenchymal 

transition (EMT) in cancer cells [39, 41] associated with the delivery of miR-939 [39].  
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EMT confers on cancer cells traits associated with high-grade malignancy [42]. In esophageal cancer 

cell lines, the knockdown of the expression of 12-LOX or the use of baicalein, an inhibitor of the 12- 

LOX pathway [43, 44], was associated with reduced expression of EMT markers and cell migration 

[18]. 

Here, we have tested the hypothesis that the cancer cell uptake of mEVs expressing 12-LOX released 

from platelets induces the biosynthesis of 12-HETE and its esterification into membrane PLs. Also, 

we have addressed whether the pharmacological inhibition of 12-LOX restrains platelet-dependent 

changes of EMT marker genes in HT29 colon cancer cells [32-33].  

 

Materials and Methods 

Coculture experiments with human colon carcinoma cell line HT29 and isolated human 

platelets 

The human colon adenocarcinoma cell line HT29 (HTB-38; a moderately well-differentiated cell 

line) was obtained from the American Type Culture Collection (ATCC, Manassas, USA). Cells were 

cultured, as previously described [33, 34], in McCoy's 5A medium (Invitrogen, Milan, Italy) 

supplemented with FBS 10 %, 1% penicillin/streptomycin (P/S), and 2 mM L-glutamine. In all 

experiments, HT29 cells (1-2 x 106) were seeded in 6-multiwell plates containing 2 ml of McCoy's 

5A supplemented with 0.5 % FBS and polymixin B sulfate 10 µg/ml (Sigma-Aldrich, Milan, Italy) 

and 2 mM L-glutamine. Human platelets were freshly isolated from 10 healthy volunteers (from 23 

and 45 years of age) who donated blood on different occasions and had not taken any medications, 

including nonsteroidal anti-inflammatory drugs, for at least two weeks before blood collection. This 

study was carried out following the Declaration of Helsinki's recommendations after approval by the 

local Ethics Committee of "G. d’Annunzio" University of Chieti-Pescara, and informed consent was 

obtained from each subject. Venous blood was collected in a syringe containing Acid-Citrate-

Dextrose (ACD, Sigma-Aldrich) (ACD/blood ratio was 1:5 v/v) and then transferred to polypropylene 

tubes containing 0.4 U/ml of apyrase VII (Sigma-Aldrich)[45]. The blood was centrifuged at 220 g 
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for 12 min without the break, and then the platelet-rich plasma (PRP) was recovered. Phosphate-

buffered saline (PBS)(Sigma-Aldrich), pH 5.9 (3:2, v/v) was then added to PRP (3:2, v/v)  and 

centrifuged (700 g, 15 minutes, room temperature) [33, 34]; pelleted platelets were washed in a wash 

Buffer (PBS pH 5.9/NaCl 0.9 %, 1:1 v/v), and then resuspended in the culture medium [33, 34]. Two 

hundred µl of platelet suspension (containing 1 or 2 x 108 cells) were added to the 6-multiwell plate 

without or with HT29 cells (1 or 2 x 106 cells)  (HT29 cells: platelets was 1:100) [33, 34]; HT29 cells 

and platelets were also cultured alone. After 2 or 20 hrs, the conditioned media of platelets and HT29 

cells cultured alone or cocultured were collected, centrifuged at 970 x g for 15 min at 4°C; platelet 

pellets were collected from the samples of platelets cultured alone; the supernatants were re-spun at 

16000 g for 40 min at 4 °C and supernatants, and the pellets containing mEVs were collected. HT29 

cells cultured alone or with platelets were washed twice with PBS and harvested by trypsin as 

previously reported [33, 34]. Cell pellets, mEV pellets, and supernatants were immediately frozen in 

liquid nitrogen and stored at -80 °C until use.  

Effect of 12-LOX inhibitors on 12-HETE generation  

Platelets (1x108), isolated as reported above were resuspended in HEPES buffer (containing 5 mM 

HEPES, 137 mM NaCl, 2 mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.3 mM NaH2PO4, and 5.5 mM 

glucose, pH 7.4, 3.5 mg/ml BSA). They were incubated with DMSO (vehicle) or cinnamyl-3,4-

dihydroxy-α-cyanocinnamate (CDC) [46] (30M; Enzo Life science, Milan, Italy) for 15 min at room 

temperature before the stimulation with thrombin (1 U/ml) for 30 min. CaCl2 2mM and MgSO4 1mM 

were added to the platelet suspension 2 minutes before the stimulation with thrombin. The reaction 

was stopped by keeping the tubes at 4°C before the centrifugation at 970 g for 15 min at 4 °C. CDC 

(3-30 M), baicalein (5,6,7-trihydroxy-2-phenylchromen-4-one [43, 44] (3 M), esculetin (6,7-

dihydroxychromen-2-one) (3 M) [44, 47] or vehicle (DMSO) were incubated with platelet-HT29 

cultures for 20 hrs (100 platelets:1 HT29 cell); supernatants were then collected and centrifugation at 

970 g for 15 minutes at 4 °C. In some experiments, HT29 cells cultured with platelets for 20 hrs were 
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extensively washed with PBS, harvested by trypsin and resuspended in culture medium (McCoy 

containing 0.5 % FBS, 1 % P/S and 2 mM L-glutamine) at the density of 1.5x106 cells/ml; then 200 

μl aliquots of the cell suspension were placed in 96-multiwell and pre-incubated with vehicle (DMSO) 

or CDC, 30 M, for 15 min; then arachidonate (AA, Sigma-Aldrich) 30 µM was added and incubated 

at 37 °C for 30 min. Supernatants were collected centrifuged at 276 g for 5 min at 4 °C (to eliminate 

possible HT29 cells). All supernatants were re-spun at 16000 g for 40 min at 4 °C; then, the 

supernatants were collected, frozen in liquid nitrogen, and stored at -80 °C until the assessment of 

12-HETE by LC-MS/MS.  

Isolation of mEVs from thrombin-stimulated washed platelets and characterization of 12-LOX 

activity  

Washed platelets were stimulated with 1 U/ml thrombin for 30 min, and mEVs were pelleted by 

centrifugation for 40 min at 16000 g at 4 °C. mEV pellets were analyzed for the expression of 12-

LOX by Western Blot. In some experiments, 250000 mEVs were resuspended in 250 l of HEPES 

Buffer and incubated with arachidonate (30 M for 30 min at 37 °C): the reaction was stopped 

immediately, keeping the samples at 4°C and by centrifuging them for 40 min at 16000 x g at 4°C. 

The supernatant was then collected, frozen in liquid nitrogen, and stored at -80°C until the assessment 

of 12-HETE by LC-MS/MS. 

Isolation of platelets and mEVs from plasma of individuals with colorectal 

adenomas/adenocarcinomas and assessment of 12-LOX levels 

Whole blood samples were collected from eight patients with colorectal adenomas or 

adenocarcinomas enrolled in a clinical study performed at Hospital Clinico Universitario Lozano 

Blesa (Zaragoza, Spain). The demographic and clinical features of the individuals studied are reported 

in Supplementary Table 1). The study was conducted in accordance with the Declaration of Helsinki, 

and the protocol was approved by the Clinical Investigation Ethics Committee of the Aragón Health 

Research Institute (Zaragoza, Spain) (EUDRACT number: 2013-004269-15; ClinicalTrials.gov 

Identifier: NCT02125409). All subjects provided written informed consent. Platelets were isolated 
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from PRP as described above. mEVs were isolated from plasma as previously described [48]. Briefly, 

PRP samples were centrifuged at 600 g for 5 min at room temperature (RT); then, the supernatant 

was centrifuged twice at 1300  g for 5 min at RT (to remove contaminating platelets). Supernatants 

containing platelet mEVs were centrifuged at 18000  g for 90 min at 18 °C. Pellets containing platelet 

mEVs were resuspended in Tyrode’s buffer (pH 7.4) with 5 mM calcium and quantified by flow 

cytometry with mAb against CD41 (CD41a-PerCP-Cy5.5, BD Biosciences), and the presence of 

whole platelets in the suspension was ruled out. Platelets and mEVs were analyzed by FacsVerse 

cytometer (BD Biosciences), and data were examined 

 using FACSuite v 1.0.5 (BD Biosciences) software, as previously described [41]. Pellets of platelets 

and mEVs were resuspended in phosphate-buffered saline (PBS, pH 7.4) and submitted to mechanical 

homogenization, repeated freeze-thaw cycles, and centrifugation for 10 minutes at 1560 g; the 

supernatant was analyzed for 12-LOX by an Enzyme-Linked Immunosorbent Assay (ELISA) kit 

(MBS1605919 MyBioSource, San Diego, CA, USA). Values were normalized by the corresponding 

protein concentration assessed using the Bradford assay (Bio-Rad, Milan, Italy).  

Assessment of the expression of EMT markers, ALOX12, GRP31 in HT29 cells by real-time 

PCR 

HT29 cells (1x106) were cultured alone or with platelets (1x108 cells) for 20 hrs. In some experiments, 

platelet-cancer cell cocultures were incubated with CDC (3-30 M), baicalein (3 M), or esculetin (3 

M). Moreover, 12S-HETE (10, 30, and 100 nM)( Cayman Chemical, Ann Arbor, USA) or vehicle 

(DMSO) was incubated with HT29 cells cultured alone for 4 and 20 hrs. After extensive washing, 

total RNA was extracted using the PureLink RNA Mini Kit (Applied Biosystems) according to the 

manufacturer's protocols. Two micrograms of total RNA were treated with DNAse kit (Fermentas, 

St. Leon-Rot, Germany) and subsequently reverse-transcribed into cDNA using Iscript cDNA 

Synthesis Kit (Bio-Rad) according to the manufacturer's protocols. One hundred nanograms of cDNA 

were used for the reaction mixture. The amplification of CDH1 (protein name: E-Cadherin), ZEB1 

(protein name: Zeb1), FN1 (protein name: Fibronectin), VIM (protein name: Vimentin), ALOX12 
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(protein name: platelet 12-LOX), RHOA (protein name: RhoA), TWIST1 (protein name: Twist-

related protein 1), GPR31 (protein name: GPR31) and GAPDH, was performed using TaqMan gene 

expression assays (Hs01023894, Hs00232783, Hs00365052, Hs00185584, Hs00167524, 

Hs00357608, Hs01675818, Hs00271094 and Hs99999905,  respectively) (Applied Biosystems, 

Foster, City, CA) according to the manufacturer’s instructions using a 7900HT Real-Time PCR 

system (Applied Biosystems). Gene expression assays were performed by relative quantification with 

comparative cycle threshold (Ct) using ABI Prism, SDS 2.4 software (Applied Biosystems).   

Assessment of protein levels of 12-LOX and GPR31 in HT29 cells by Western Blot  

HT29 cell, platelet, and mEV pellets were lysed in lysis buffer containing 1 % Triton X-100-PBS, 1 

mM of phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich), and protease inhibitors (Thermo 

Scientific). Then cell lysates were put on ice for 30 min, and cell debris was removed by 

centrifugation (10000 g, 5 min at 4°C). The Bradford assay (Bio-Rad, Milan, Italy) was used to assess 

protein concentration. Lysate samples were loaded onto 12 % Sodium Dodecyl Sulphate-

PolyAcrylamide Gel Electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride 

PVDF membranes (Bio-Rad). Finally, they were blocked with 5 % non-fat milk in Tris-buffered 

saline-0.1 % Tween-20 (TBS-Tween-20). In different experimental conditions, protein expression 

was detected using specific primary antibodies incubated overnight at 4°C: platelet 12-LOX (12-

LOX, Abcam, dilution 1:1000 in T-TBS-5% Milk), GPR31 (Sigma-Aldrich, dilution 1:1000 in T-

TBS-5% Milk), and GAPDH (Santa Cruz Biotechnology, dilution 1:1000 in TBS-Tween 20) or -

actin (Santa Cruz Biotechnology, dilution 1:1000 in TBS-Tween 20) were used as a loading control. 

Then, the membranes were washed in TBS-Tween 20 and incubated with the secondary antibodies. 

Quantification of optical density (OD) of different specific bands was calculated using Alliance 1 D 

software (UVITEC, Cambridge) and normalized to the OD of GAPDH or -actin. 
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Measurement of HETEs and 12-HETE esterified to membrane phospholipids 

Supernatants of conditioned medium (1 ml), pellets of HT29 cells, platelets, and mEVs were 

resuspended in 1 ml of PBS and firstly subjected to lipid extraction as previously reported [10, 47, 

49]. Lipid and oxylipin standards, i.e., di-14:0-phosphatidylethanolamine (DMPE) and/or di-14:0-

phosphatidylcholine (DMPC), were purchased from Avanti Polar Lipids (Alabaster, AL), and 

deuterated (d)HETEs were from Cayman Chemical Ann Arbor, USA. Five ng of 12-HETE-d8, 15-

HETE-d8, 5-HETE-d8, DMPE, DMPC were added to samples before extraction as internal standards. 

In the samples of HT29 cells incubated with 12-HETE-d8, 5 ng of 5-HETE-d8 or DMPE and DMPC 

were added as internal standard. A volume of 2.5 ml of solvent mixture [1M acetic 

acid/isopropanol/hexane (2:20:30, v/v/v)] was added to 1 ml volume of sample. Samples were 

vortexed for 30 sec, and then 2.5 ml of hexane were added. Following vortex and centrifugation, 

lipids were recovered in the hexane layer. Samples were re-extracted by the addition of an equal 

volume of hexane, followed by vortex and centrifugation. The combined hexane layers were dried 

under N2 flow [10]. The extracted lipids were resuspended in 200μl of methanol and stored at -80 °C 

until analysis. Lipid extracts were analyzed by liquid chromatography/mass spectrometry (LC-

MS/MS) as previously reported [10] and the levels of 12-HETE ([M-H]- 319.2-179.1), 15-HETE 

([M-H]- 319.2-219.1), 5-HETE ([M-H]- 319.2-115.1), PE 16:0p_12-HETE  ([M-H]- 738.6-179.1), 

PE 18:1p_12-HETE ([M-H] - 764.6-179.1), PE 18:0p_12-HETE ([M-H] - 766.6-179.1), PE (18:0a) 

and PC (16:0a)_12-HETE ([M-H]- 782.6-179.1), PC 18:0a_12-HETE ([M-H] - 810.7-179.1) were 

quantified using targeted MRM runs. A typical LC-MS/MS chromatogram for analysis of these lipids 

is shown in Supplementary Figure 1. For PL analysis, lipid extracts were separated by reverse-phase 

HPLC using a Luna 3μm C18 150x2-mm column (Phenomenex, Torrance, CA) with a gradient of 

50–100% B over 10 min followed by 30 min at 100% B (A, methanol:acetonitrile: water, 1 mM 

ammonium acetate, 60:20:20; B, methanol, 1 mM ammonium acetate) with a flow rate of 200μl per 

min. Lipids were detected using multiple reaction monitoring (MRM) on a Sciex 6500 Q-Trap. 

Source settings were: CUR: 35, IS: -4500, TEM: 500, GS1: 40, GS2:30, CAD: -3, DP-50 V, CE-42 
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V, CXP: -11, EP: -10. For eicosanoid analysis, lipid extracts were separated on a C18 Spherisorb 

ODS2, 5μm, 150x4.6-mm column (Waters, Hertfordshire, UK) using a gradient of 50–90% B over 

10 min (A, water:acetonitrile:acetic acid, 75:25:0.1; B, methanol:acetonitrile:acetic acid, 60:40:0.1) 

with a flow rate of 1 ml per min.  Products were quantified using MRM runs using LC-MS/MS 

electrospray ionization on an Applied Biosystems 4000 Q-Trap. Source settings were: CUR:35, CAD: 

-3, IS: -4500, TEM: 650, GS1:60, GS2:30, EP: -10.  Declustering potential ranged from -45 to -90, 

and collision energy ranged from -20 to -26eV.  Inclusion criteria for peak integration was those with 

a S/N ratio of at least 5/1 and at least 7 points across the peak.     

In some experiments of HT-29-platelet cocultures, we assessed the levels of 12R-HETE and 12S-

HETE in the supernatant. To this aim, the conditioned media were extracted as reported above, and 

the methanol resuspended lipid extracts were analyzed for 12R- and 12S-HETE, by a modified LC-

MS/MS method previously described [47,49]. Briefly, the LC-MS/MS system consists of a Waters 

Alliance 2795 HPLC coupled to a triple quadrupole mass spectrometer (Micromass Quattro PT, 

Waters), equipped with an electrospray ionization source (ESI Z-Spray), operating under negative 

ionization conditions. The ESI Z-Spray source's operating conditions were optimized by direct 

injection of the analytes into the mass spectrometer. The analysis was conducted by monitoring the 

precursor ion to product ion ([M-H] - 319.3 - 179.0 for 12-HETE and [M-H] - 327.3 -184.0 for its 

deuterated form, used as internal standard). The chiral separation of 12S- and 12R-HETE was 

performed using a chiral chromatographic column (Lux® 3-m Amylose-1, 150 mm x 3. 0 mm) eluting 

a 30-min gradient of 50 - 100 % solvent B (60 % methanol, 40 % ACN, 0.1 % glacial acetic acid) 

and solvent A (75 % water, 25 % ACN, 0.1 % glacial acetic acid) for 30 minutes (50% solvent B for 

5 min; 50-60% solvent B for 10 min; 60-100% solvent B for 2 min; 100% solvent B from 17-20 min 

and 50% of solvent B from 21-30 min) with a flow rate of 0.2 ml/min. The collision energy used was 

14eV. 12R- and 12S-HETE eluted with retention times of 20.18 and 22.00 min, respectively. 
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Effect of extracellular 12-HETE on phospholipid-esterified-12-HETE generation in HT29 cells 

In some experiments, HT29 cells (1x106) cultured alone or with platelets (1x108) were incubated with 

12S-HETE-d8 (Cayman Chemical, Ann Arbor, USA; 12S-HETE-d8 contains eight deuterium atoms 

at the 5, 6, 8, 9, 11, 12, 14 and 15 positions) (50 ng/ml, corresponding to total 100 ng) up to 20 hrs. 

HT29 cells and the conditioned media were collected, as described above, frozen in liquid nitrogen 

and stored at -80 °C until the assessment of free 12-HETE-d8 and 12-HETE-d8-PLs. 

mEV characterization by flow cytometry 

mEV pellets isolated from the conditioned medium of HT29 cells, platelets, and platelet-HT29 cell 

cocultures, as reported above, were resuspended in 100 µl of Annexin buffer (BD Biosciences, Milan, 

Italy) and labeled with MitoStatus-APC (Thermo-Fisher)/Phalloidin (Sigma-Aldrich)/ anti-CD41a-

PerCP-Cy5.5(BD Biosciences) (a platelet marker: platelet GPIIb; integrin αIIb)/AnnexV-V500(BD 

Biosciences, Annexin V binds in a calcium-dependent manner to phosphatidylserine, PS)/anti-

CD66PE (BD Biosciences) (i.e., carcinoembryonic antigen, CEA, the most commonly used tumor 

marker in a variety of cancers including colorectal cancer) [50-52] as reported in the manufacturer's 

instructions and counted by using flow cytometry. In some experiments, before the coculture, 

platelets were loaded with 5g /ml of 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester 

(CFSE, Sigma-Aldrich) for 15 min at 37 °C, then, they were washed and added to cancer cells as 

previously described [53]. The number of mEVs positive to CFSE was also assessed by flow 

cytometry. Circulating mEVs were labeled with MitoStatus-APC/Phalloidin/CD41a-PerCP-Cy5.5 

and counted by flow cytometry. Phalloidin negative events (of total MPs or MitoStatus positive MPs) 

were analyzed for CD41 expression. 

mEVs were gated based on their size (0.1-0.9 m), and the scatter properties were analyzed by 

running Megamix Plus beads (Biocytex, Marseille, France, CAT 7803) at the same photomultiplier 

(PMT) voltages used for mEVs detection [36, 41]. We also assessed mitochondria-containing mEVs 

[48, 53], which were positive for the platelet marker CD41. mEVs were acquired by FacsVerse 
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cytometer (BD Biosciences), and data were analyzed using FACSuite v 1.0.5 (BD Biosciences) 

software.  

Assessment of platelet-derived mEV internalization by HT29 cells 

HT29 cells were cultured for different time-points with CFSE-labelled platelets. At the end of the 

cocultures, HT29 cells were washed with PBS, harvested by trypsin, and centrifuged at 250 g for 5 

minutes. After the resuspension of HT29 pellet in 100µl of PBS (Sigma-Aldrich), cells were stained 

whit 7-AAD (7-amino-actinomycin D) (ThermoFisher Scientific), as reported in the manufacturer's 

instructions, for the exclusion of nonviable cells in flow cytometric analysis. HT29 cells were 

analyzed for their positivity to CFSE signal: they represented the HT29 cells that internalized platelet-

derived mEVs CFSE+. In some experiments, dm-amiloride was used for its capacity to affect 

micropinocytosis [55,56]. Dm-amiloride (250 M) or DMSO were added to HT29 cells 20 minutes 

before the addition of CFSE-loaded platelets, and the cells were cocultured for 20 h. Fluorescence of 

HT29 cells CFSE+ was analyzed by flow cytometry after the addition of trypan blue (2mg/ml, Sigma-

Aldrich), used to quench extracellular CFSE signal (i.e., mEVs not internalized) as previously 

described [57]. 

Cell fluorescence was acquired using FacsVerse cytometer (BD Biosciences), and data were analyzed 

using FACSuite v 1.0.5 (BD Biosciences) software. 

The uptake of platelet-derived CFSE fluorescence was assessed in HT29 cells cultured alone or 

cocultured with CFSE-loaded platelets for 20 hrs by using the ImageStream IS100 (AMNIS Seattle, 

USA) imaging flow cytometer, using a 488 nm solid-state laser (70 mW) and equipped with Inspire 

software (v 4.1.434.0). The CFSE signal in the intracellular compartment was analyzed and quantified 

using FlowJoTM software v 8.8.6 (TreeStar Ashland, OR, USA) and IDEAS software v 5.0 

(AMNIS).  

Statistical analysis 

All values were reported as mean±SD (standard deviation) in the text, while shown as mean±SEM 

(standard error of the mean) in the Figures (the n values were reported in Figure legends). 12-HETE 
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and 12-HETE-PLs were assessed in all compartments of the cell cultures [i.e., conditioned medium 

(2 ml) and cellular lysates (1 ml)] and reported as the total amount (ng) detected in each compartment 

or the sum of all compartments.  Statistical analysis was performed using GraphPad Prism Software 

(version 9.0 for Windows, GraphPad, San Diego, California). The statistical tests used to calculate P-

values are reported in the Figure legends. P < 0.05 values were considered statistically significant. 

 

Results 

12-HETE was generated by HT29 cells following the transfer of 12-LOX from platelets 

In cancer cells cultured alone, 12-HETE in the conditioned medium was undetectable.  In HT29 cells 

cultured with platelets for 20 hrs, free 12-HETE was detected in the medium (Figure 1A). 12-HETE 

levels were not significantly different from those found in the supernatant of platelets cultured alone 

(Figure 1A). Thus, released 12-HETE detected in platelet-cancer cell coculture was mainly of platelet 

origin.    

12-HETE was also assessed in the intracellular compartment of HT29 cells cultured alone or with 

platelets. As shown in Figure 1B, the intracellular levels of 12-HETE in HT29 cells cultured alone 

were undetectable, while 12-HETE was found in cancer cells after the co-incubation with platelets. 

We also assessed 15-HETE levels in the conditioned medium of platelet-HT29 cell cocultures and 

cancer cell intracellular compartment. We found that 15-HETE was undetectable (not shown), 

suggesting that 12-LOX was the primary enzymatic source of 12-HETE released in the medium 

(mainly of platelet origin) or produced intracellularly by HT29 cells pre-exposed to platelets. 

We assessed R- and S- enantiomers of 12-HETE using chiral LC-MS/MS in some experiments. In 

the conditioned medium of platelets cultured alone or with HT-29 cells, we detected only 12S-HETE 

(Supplementary Figure 2).  

CDC (30 M), an inhibitor of 12-LOX [46], significantly reduced the levels of 12-HETE detected in 

the medium of platelets stimulated with thrombin (Figure 1C). In cocultures of platelets-HT-29 cells, 

CDC caused a concentration-dependent inhibition of 12-HETE biosynthesis (Figure 1D). CDC (30 
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M) also significantly reduced 12-HETE generated by HT29 cells exposed to platelets and, after 

extensive washing, incubated with AA (30 M) for 30 min (Figure 1E).   

12-LOX protein was undetectable in HT29 cells cultured alone, while it was highly expressed in 

platelets (Figure 1F). After the culture of HT29 cells with platelets for 20 hrs, the 12-LOX protein 

was detected by Western blot analysis (Figure 1F). In contrast, 12-LOX mRNA levels were 

undetectable by qPCR (not shown). This excludes the possibility that platelets induce ALOX12 in 

HT-29 cells, instead indicating that 12-LOX was delivered to cancer cells by platelets.   

12-LOX inhibitors mitigated the induction of EMT marker genes in HT29 cells induced by 

platelets  

Incubation of platelets with HT29 cells enhanced the expression of the EMT marker genes [58,59] 

ZEB1 (a transcription factor promoting EMT and loss of cell polarity), VIM (involved in changes of 

shape, adhesion, and motility), TWIST1 (another transcription factor promoting EMT and 

metastasis), FN1 (an extracellular matrix protein involved in migration and invasion) and RHOA (a 

GTPases implicated in migration and proliferation) (Figure 2A). In contrast, E-cadherin mRNA levels 

were down-regulated (E-cadherin loss is associated with EMT) (Figure 2A). Treatment of tumor cells 

with CDC interfered with the platelet-dependent gene induction (Figure 2A and B); differently, CDC 

did not significantly affect E-cadherin reduction (Figure 2A and B).  CDC 30 M (causing a maximal 

inhibition of 12-HETE generation, as shown in Figure 1D) significantly reduced the enhanced 

expression of all genes analyzed (Figure 2A and B). At lower concentrations, the response was 

heterogeneous. VIM expression was very susceptible, while TWIST1 was less sensitive to CDC 

treatment (Figure 2A and B). However, the CDC's 50% reduction of 12-LOX activity was sufficient 

to significantly mitigate gene induction except for TWIST1 (Figure 2A and B). A significant linear 

relationship between % reduction of 12-HETE and gene expression of ZEB1, VIM, and RHOA by 

CDC was found (Supplementary Table 2). We tested the effect of additional inhibitors (chemically 

distinct) to support the contribution of 12-LOX to EMT marker gene expression induced by platelet-
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cancer cell interaction. As shown in Figure 2C, esculetin and baicalein (3 M) significantly reduced 

12-HETE generation by approximately 50%. This effect was associated with the prevention of gene 

induction (Figure 2D); similarly to CDC, the two compounds did not influence the downregulation 

of E-cadherin expression caused by platelets (Figure 2D).  

Effects of exogenous 12S-HETE on EMT marker genes’ expression in HT29 cells  

We assessed the effects of increasing concentrations of exogenous 12S-HETE on the EMT marker 

genes' expression in HT29 cells at 4 and 20 hrs of incubation. As shown in Figure 3 A-F, 12S-HETE 

10 nM [the concentration detected in the conditioned medium of platelet-cancer cell cocultures (Fig. 

1A)] did not cause any significant change of EMT gene expression. In contrast, at 20 hrs of 

incubation, 100 nM of 12-HETE caused a significant reduction of CDH1 (Figure 3A) while RHOA 

(Figure 3D), FN1 (Figure 3E), and ZEB1 (Figure 3 F) were significantly induced; the expression of 

VIM and TWIST1 was not affected by 12-HETE (Figure 3B and C, respectively).  

In order to verify the contribution of GPR31 (considered the receptor of 12S-HETE [16]) on the 

modulation of cancer cell EMT gene expression by 12S-HETE, we assessed GPR31 expression at 

baseline (vehicle, DMSO) and after stimulation with the eicosanoid. At baseline, low gene expression 

levels of the receptor were found(not shown); however, a protein band with GPR31-like 

immunoreactivity was detected by Western blot (Supplementary Figure 3).  The incubation of HT29 

cells with 10 nM of 12S-HETE did not affect the expression of the receptor.  However, at higher 

concentrations (30 and 100 nM), 12S-HETE  transiently enhanced GRP31 gene expression (Figure 

3G).  

Altogether these results exclude the involvement of extracellular 12S-HETE generated in the 

coculture of platelets and HT29 cells (approximately 10 nM) in the modulation of EMT marker genes' 

expression, possibly due to the low expression of GPR31. We hypothesized that cancer cell 12-LOX  

delivered from platelets might contribute to EMT via an endogenous pathway involving the 

generation of 12S-HETE and its esterification on membrane phospholipids of cancer cells. 
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Phospholipid-esterified-12-HETE was generated in platelet-HT29 cell cocultures  

We previously showed that activated platelets generate a family of six 12-HETE containing PLs, 

comprising four PEs and two PCs (i.e. PE 16:0p_12-HETE, PE 18:1p_12-HETE, PE 18:0p_12-

HETE, PE and PC (18:0a)_12-HETEs, and PC 16:0a_12-HETE) [10]. The PEs include several 

plasmalogens, and all represent oxidized forms of the most abundant PE and PC species in platelets 

[10]. Here, we studied the esterification of 12-HETE into membrane PLs of platelets and HT29 cells, 

cultured alone or with platelets. In HT29 cells cultured alone, these lipids were undetectable (not 

shown). However, in HT29 cells cultured with platelets, all these PL-esterified-12-HETEs were found 

with PE18:0p_12-HETE and PE16:0p_12-HETE being the major products (Figure 4A). As expected, 

we found that platelets alone generated the six PL-esterified-12-HETEs (Figure 4A) and that these 

were not influenced by culture with HT29 cells (Supplementary Figure 4A). However, the 

plasmalogen HETE-PEs (PE18:0p_12-HETE and PE 16:0p _12-HETE) were significantly higher in 

HT29 cells cultured with platelets than in platelets alone (Figure 4A).  

As shown in Figure 4B, in cancer cells exposed to platelets, the percentage of 12-HETE esterified 

into membrane phospholipids versus the total generation of 12-HETE (extracellular and intracellular 

free and esterified) was significantly higher than that found in platelets. 

Altogether, these results suggest that HT29 cells exposed to platelets acquire the capacity to generate 

12-HETE associated with the detection of 12-LOX protein and that the eicosanoid is directly 

esterified into membrane phospholipids.    

Extracellular 12-HETE did not contribute to phospholipid-esterified-12-HETE generation in 

HT29 cells 

To test whether extracellular 12-HETE produced by platelets is used for 12-HETE-PL generation by 

HT29 cells, 12-HETE-d8 (50 ng/ml, corresponding to the total concentration of 12-HETE generated 

in the coculture of platelets and cancer cells as free and esterified forms) was added to cancer cells 

for up to 20 hrs; then, the levels of 12-HETE-d8 were measured by LC-MS/MS in the medium and 

intracellularly, both as the free acyl form or incorporated into membrane phospholipids, based on the 
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expected mass shift due to the presence of 8 deuterium atoms. As shown in Figure 5A, 12-HETE-d8 

disappeared from the medium in a time-dependent manner. In the intracellular compartment of HT29 

cells, free 12-HETE-d8 was almost undetectable throughout the time-course (Figure 5A). 

Furthermore, exogenously added 12-HETE-d8 was only marginally esterified into phospholipids of 

HT29 cells, as deuterated HETE-PLs (Figure 5B; all HETE-PE/PC were integrated and summed 

together). 

Altogether these data suggest that the esterification of exogenous 12-HETE in phospholipids is a 

negligible way to generate 12-HETE-PLs in cancer cells, possibly for their capacity of colon cancer 

cells to rapidly metabolize HETE via -oxidation [60]. An endogenous pathway of 12S-HETE 

biosynthesis and its esterification in PLs involving 12-LOX delivered to cancer cells by platelet-

derived mEVs is proposed. 

mEVs were released from platelets in the coculture with cancer cells  

As shown in Figure 6A, during the coculture of platelets and HT29 cells, mEVs were generated, and 

83.7 ± 6.5 % of them expressed on their surface the platelet marker CD41 (the integrin IIb, also 

known as GPIIb) [50] while only a marginal % of mEVs expressed CD66 (i.e., the carcinoembryonic 

antigen, CEA) [52], thus indicating their primary platelet origin.  

A comparable number of mEVs was detected after 2 and 20 hrs of coculture (Figure 6B), suggesting 

a rapid mEV formation. As shown in Supplementary Figure 5,  both at 2 and 20 hrs of cocultures, 

approximately 80% of mEVs showed a size range of 0.1-0.24 mm. The rest of mEVs presented a size 

range of 0.24-0.5 mm.  

By assessing Annexin V binding (Figure 6C), indicating the exposure of PS on the outer mEV 

membrane surface [51], it was found that at 2 and 20 hrs of coculture, mEVs AnnexinV+ were   75.9 

± 10.6 and 85.2±5.2%, respectively, of total CD41+ mEVs (Figure 6 B).  

Platelet mEVs expressed an active catalytic form of 12-LOX 

mEVs isolated from the conditioned medium of platelet-HT29 cocultures (20 hrs) expressed 12-LOX 

(Figure 6D). Also, mEVs released from thrombin-activated platelets expressed 12-LOX (Figure 6E), 
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and 12-HETE was released into the medium when mEVs were incubated with AA (30 M) (Figure 

6F). These data show that 12-LOX expressed in platelet-derived mEVs is catalytically active.  

Circulating mEVs from patients adenomas/adenocarcinomas expressed 12-LOX 

We then verified whether 12-LOX is also expressed in vivo in circulating mEVs of eight patients 

with colorectal adenomas/adenocarcinomas (Supplementary Table 1). Platelet-derived mEVs 

(CD41+) were detected in patients’ plasma (1364±442, number/l, mean±SD, n=8) (not shown). 

Circulating mEVs expressed 12-LOX that was quantified using a commercially available sensitive 

and specific ELISA kit [61,62]. In Figure 7, 12-LOX levels found in circulating mEVs and platelets 

of patients are shown.  

Internalization of platelet mEVs by HT29 cells  

mEVs are well known to play crucial roles in cell-cell communication by transferring their contents 

to target cells [38-41]. Here, we tested whether HT29 cells internalize platelet mEVs from the medium 

of platelet-cancer cell cocultures. For this, HT29 cells were cultured with platelets labeled with CFSE. 

Upon its diffusion into the cell, intracellular esterases cleave the acetate group of CFSE, and the 

molecule interacts with cellular amines via its succinimidyl groups to generate a highly fluorescent 

green dye impermeant to the cell membrane. In the coculture of CFSE-loaded platelets and HT29 

cells, CFSE positive mEVs were generated and represented 91.4 ±5.4 % of total mEVs (not shown).  

As shown in Figure 8A, HT29 cells cultured with CFSE-loaded platelets for 2 and 20 hrs were positive 

for CFSE when analyzed by flow cytometry. The internalization of platelet mEVs by cancer cells was 

investigated using the Amnis® imaging flow cytometry system by monitoring the CFSE fluorescent 

intensity in HT29 cells exposed or not to CFSE-loaded platelets for 2 and 20 hrs. As shown in Figure 

8B, HT29 cells cultured alone were negative to CFSE fluorescence, while cancer cells cultured with 

CFSE-loaded platelets showed CFSE green signal intracellularly. At 2 and 20 hrs, 54.5±10.5 and  

63±7.4%, respectively, of HT29 cells were positive for CFSE signal (Figure 8C).  
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Dm-amiloride affected platelet mEV internalization and reduced 12-LOX levels in HT29 cells 

cultured with platelets 

In HT29 cells cultured with platelets for 20 hrs, dm-amiloride, an inhibitor of the Na+/H+ exchanger 

reported to affect macropinocytosis [55], significantly (P<0.05) reduced the number of CFSE-labeled 

HT29 cells (Figure 8D).  

The reduction of platelet mEV internalization by dm-amiloride was associated with a significant 

decrease of 12-LOX levels in HT-29 cells exposed to platelets for 20 hrs (Figure 8E and F). These 

data suggest that mEVs from platelets are internalized by cancer cells, at least in part, via the 

macropinocytosis pathway.   

Discussion 

Platelets trigger various phenotypic changes in tumor cells, recapitulating a pro-metastatic phenotype 

[29-34]. It is noteworthy the induction of EMT programs promoting cancer metastasis [32-34]. 12S-

HETE, a major product of AA metabolism in platelets via the activity of 12-LOX [64], has been 

suggested to contribute to cancer development and progression through different mechanisms [13-

16]. This eicosanoid promotes the survival of ovarian cancer cells [64]. The role of 12-LOX in EMT 

induction was demonstrated in human gastric cancer cells with ALOX12 overexpression [65]. In 

esophageal cancer cell lines, the downregulation of ALOX12 expression or the pharmacological 

inhibition of 12-LOX activity is associated with reduced EMT markers and cell migration [18].   

In platelet-cancer cell cocultures, we found that the 12-LOX inhibitor CDC [46] prevented the 

induction of mRNA levels of mesenchymal markers (ZEB1, TWIST1, FN1, VIM, and RHOA) in 

HT29 cells; this effect was associated with a significant reduction of 12-HETE generation. CDC is 

not a selective inhibitor of 12-LOX, also impacting 5-LOX [66]. However, in HT29 cell-platelet 

cocultures, 5-HETE was undetectable (not shown). The finding that the extent of EMT gene changes 

at low CDC concentrations was heterogeneous is probably explained by the occurrence of a temporal 

hierarchy of complex transcriptional networks regulating EMT [67]. The result that chemically 

distinct 12-LOX inhibitors [such as esculetin and baicalein (43, 44, 47)] also prevented the induction 
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of EMT genes further strengthened the role of 12-LOX activity in platelet-dependent induction of 

EMT in cancer cells.  

We have previously found [33, 34] that platelets induce downregulation of E-cadherin (a key cell-to-

cell adhesion molecule whose expression reduction potentiate tumor cell invasion and metastasis) 

[42], which was prevented by the selective inhibition of platelet prostaglandin (PG)E2 generation by 

aspirin [34] (an inhibitor of platelet cyclooxygenase-1) [31]. In contrast, here, we show that the 12-

LOX inhibitors did not affect E-cadherin's reduced expression in HT29 cells exposed to platelets. 

This suggests that PGE2 and 12-HETE differently influence the genetic program of HT29 cells 

involved in developing a prometastatic phenotype. Our findings may imply the possible enhanced 

efficacy against tumor metastasis by the coadministration of low-dose aspirin with 12-LOX 

inhibitors; this hypothesis warrants a further investigation in experimental animal models.  

Free 12-HETE levels are not significantly different in colorectal polyps and cancer mucosa versus 

normal colorectal mucosa in humans [68]. However, the enhanced 12-LOX expression has been 

demonstrated in colorectal tumors with inflammatory features [69], suggesting a possible contribution 

of the inflammatory tumor microenvironment on free 12S-HETE generation and action.  

12-HETE is not only generated as the free acyl form but can also be found esterified in membrane 

PLs, particularly in platelets [10-12, 70]. The formation of 12-HETE-PLs has been shown in platelets 

in response to different agonists and following platelet activation. These lipids can be detected on the 

surface of the cells, where they are proposed to enhance the ability of PS to sustain blood coagulation 

[10-12, 70]. 

Here, we assessed the platelet role in supporting the 12-HETE generation and its esterification into 

membrane PLs in the human colon adenocarcinoma cell line HT-29. HT29 cells cultured alone neither 

expressed 12-LOX nor generated 12-HETE (either as a free form or esterified in membrane PLs). 

However, HT29 cells cultured with platelets acquired both 12-LOX protein and the ability to generate 

12-HETE. The cancer cells exposed to platelets did not express the 12-LOX mRNA, indicating that 

the protein was unlikely to originate from the cells' own genetic machinery. We found that platelet-
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released mEVs containing 12-LOX were incorporated into HT29 cells by performing experiments 

with fluorescence labeling platelets. This phenomenon was mitigated by dm-amiloride, which inhibits 

the Na+/H+ exchanger involved in macropinocytosis [55]. Interestingly, in the presence of dm-

amiloride, reduced levels of 12-LOX were detected in HT29 cells cocultured with platelets. The 

formation of macropinosomes is believed to arise from deformations of the plasma membrane known 

as ruffles [71], which are highly dynamic structures and are rich in actin and actin-associated proteins 

[72]. Amiloride is not a direct inhibitor of macropinocytosis. However, it acts via the induction of 

submembranous acidification caused by metabolic H+ generation, unopposed by the regulatory 

extrusion across the membrane by Na+/H+ antiporter [55]. Decreased cytosolic pH by amiloride may 

affect the activation of the small GTPases Rac1 known to stimulate actin filament accumulation at 

the plasma membrane, forming membrane ruffles [55]. We have previously shown that RAC1 

expression is enhanced by the interaction of HT29 cells with platelets [34]. This pathway might 

promote platelet-derived mEV internalization and remodeling of cancer cell phospholipids with 12-

HETE. Further studies are needed to address this hypothesis. The finding that mEV internalization 

was prevented, at least partly by amiloride, which affects macropinocytosis, seems to exclude the 

possibility that platelet uptake is involved in the transfer of 12-LOX into cancer cells. Studies 

involving the use of dynamic transmission electron microscope should be performed to clarify this 

issue. However, several lines of evidence show that platelets activated in vivo can deliver their cargo 

(also drugs) to recipient cells via the release of mEVs [38-41, 73]. It is noteworthy that Mir-939, 

transferred by platelet mEVs to ovarian epithelial cancer cells, induces their proliferation and 

migration [39]. Platelet mEVs infiltrate solid tumors and deliver miR-24 to tumor cells in vivo and 

in vitro, inducing cell apoptosis [40]. 

In platelet-cancer cell cocultures, 12-HETE released in the medium was mainly derived from 

platelets. Approximately one-third of 12-HETE generated was esterified into membranes PLs of 

platelets. Similar to the results in thrombin-activated platelets [10], the lipids were formed from the 

six most abundant AA-containing PE and PC molecular species present (data not shown). Thus, the 
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pattern of products is dictated by the substrates available in the plasma membrane. In platelets, 12-

HETE was found esterified mainly in PC species with acyl-linked 16:0 or 18:0 at Sn1 and PE 18:0a. 

The majority of the PL-esterified 12S-HETE was retained by the cells, with only small amounts 

appearing in platelet-derived mEVs (Supplementary Figure 4B).  

Free 12-HETE was detected intracellularly in cancer cells, but a higher % was esterified in membrane 

PLs. This is likely because cancer cells extensively metabolize 12-HETE via -oxidation [60]. This 

phenomenon also precludes the possibility of exogenous 12-HETE to be incorporated into membrane 

PLs of cancer cells. This result was also found in platelets [10]. Thus, a very tight coupling between 

the endogenous generation of 12-HETE and its esterification into PLs exists.  

The pattern of 12-HETE esterification into the six PE, PC species of HT29 cells was different from 

that found in platelets. The mechanistic clarification of this issue requires carrying out a specific 

study.  However, it is known that cancer cells rewire their metabolism to produce more PE than 

healthy cells, and this is associated with enhanced expression of the genes for PE biosynthesis [79]. 

In HT29 cells (exposed to platelets), higher levels of plasmalogen forms were detected, specifically 

PE 18:0p_12-HETE and PE 16:0p_12-HETE. Our results provide the rationale to characterize the 

production of 12-HETE-PLs in colorectal cancer lesions and to verify whether the pattern of 12-

HETE-PLs identifies patients with metastatic potential.  

Overall, our findings show activated platelets' contribution to reprogram cancer cell arachidonate 

metabolism to 12S-HETE generation via the transfer of 12-LOX; endogenous 12S-HETE is rapidly 

esterified in membrane PLs of cancer cells. 12S-HETE released from platelets could influence cancer 

cell responses via the activation of GPR31 [16]. However, the concentration detected in the coculture 

conditioned medium (approximately 10 nM) did not influence EMT gene expression due to the low 

levels of the receptor in HT29 cells. Exogenous 12-HETE can be uptaken by cancer cells but is rapidly 

metabolized, thus precluding its esterification to cancer cell PLs.  
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It has been reported that 12-LOX  is regulated by the interaction with cellular proteins such as human 

type II keratin K5, nuclear envelope protein lamin A, integrin beta4 cytoplasmic domain, and human 

C8FW phosphoprotein [74]. Further studies are requested to investigate the contribution of 12-LOX 

interacting proteins to platelet-induced EMT in cancer cells shown here.  

It was previously reported that 12-LOX expressed in PRP is a promising diagnostic and prognostic 

biomarker of prostate cancer [61, 62].  Here, we have shown that circulating mEVs collected from 

patients with colorectal adenomas/adenocarcinomas contain 12-LOX protein. It is noteworthy that an 

enhanced number of platelet-derived mEVs is detected in the bloodstream of patients with CRC and 

other cancer types [75,76]. Thus, the crosstalk between mEV expressing 12-LOX with circulating 

cancer could enhance their prometastatic potential in vivo. This issue should be verified in an 

appropriate clinical study. If confirmed, our findings may open the way to novel therapeutic strategies 

to dampen tumor metastasis: (i) affecting 12-LOX activity by selective inhibitors which are in 

development, such as ML-355 [77]; (ii) interfering with the internalization of mEVs with 

macropinocytosis inhibitors [78]. 

In conclusion, we have shown that platelets induce 12-HETE generation in colon cancer cells and its 

esterification into membrane PLs via mEV-mediated delivery of 12-LOX  associated with EMT 

marker gene expression changes. The functional role of remodeling of cancer cell PLs with 12-HETE 

needs verification in animal models of metastasis and in cancer patients. If confirmed, the 

pharmacological interference with phospholipid-esterified 12-HETE generation represents a novel 

target for anticancer agent development.   
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Legends to Figures 

Figure 1. Generation of free 12-HETE in the coculture between platelets and HT29 cells.  

HT29 cells (2x106) (HT) and platelets (2x108 cells) (PLT) were cultured alone or cocultured 

(HT+PLT) for 20 hrs. Free 12-HETE was assessed in the conditioned medium (A) or in cell pellets 

of HT29 cells cultured alone or with platelets (B) by LC-MS/MS technique; results are reported as 

the total amount (ng), all data are shown as scatter dot plots with mean+SEM, n=6-7. (C) Washed 

platelets (1x108) were stimulated with 1U/ml Thrombin for 30 min in the presence of vehicle (DMSO) 

or CDC (30M); 12-HETE was assessed in the conditioned medium by LC-MS/MS technique; data 

are reported as the total amount (ng); all data are shown as scatter dot plots with mean+SEM, n=6. 

(D) HT29 cells (2x106) and platelets (2x108 cells) were cocultured up to 20 hrs in the presence of 

vehicle (DMSO) or CDC (3-30M); free 12-HETE was assessed in the conditioned medium by LC-

MS/MS technique; results are reported as % of control (vehicle), all data are shown as scatter dot 

plots with mean+SEM, n=3. (E) HT29 cells pre-exposed to platelets for 20 hrs were washed and 

harvested by trypsin as described in Materials and Methods and resuspended in culture medium at 

the density of 1.5x106 cells/ml and then 200μl aliquots of this cell suspension were incubated with 

vehicle (DMSO) or CDC (30 M) for 15 min; then, AA 30 µM was added and incubated at 37°C for 

30 min; the cells were pulled down by centrifugation and, in the supernatant 12-HETE was assessed 

by LC-MS/MS; results are reported as the total amount (ng), all data are shown as scatter dot plots 

with mean+SEM, n=4. (F) In the cell pellet of HT29 cells, not exposed or pre-exposed to platelets 

for 20 hrs, 12-LOX and the loading control -actin were assessed by Western blot; a representative 

blot of 4 independent experiments is reported; densitometric analysis was also reported (all data are 

shown as scatter dot plots with mean+SEM, n=4). (A) **P<0.01 vs. HT alone (one-way ANOVA and 

Dunnett’s multiple comparisons test); (B)**P<0.01 vs. HT alone, (C, E) **P<0.01 vs. vehicle 

(unpaired t-test, two-tailed); (D)**P<0.01 and §P<0.01 vs. all other conditions (using one-way 

ANOVA and Tukey's multiple comparisons test); (F) **P<0.01 vs. HT29 not exposed to platelets 

(one-way ANOVA and Dunnett’s multiple comparisons test).  
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Figure 2. Effects of 12-LOX inhibition on the expression of mesenchymal genes in HT29 cells 

cocultured with platelets. HT29 cells (HT, 1x106) were cultured alone or cocultured with platelets 

(PLT) (1x108) for 20 hrs. Twenty min before the addition of platelets, vehicle (DMSO), CDC (3-30 

M), baicalein (3 M), or esculetin (3 M) were added to cancer cells. The gene expression of CDH1, 

VIM, TWIST1, ZEB1, FIN1, and RHOA were assessed by qRT-PCR and normalized to GAPDH 

mRNA levels; values are reported as fold-change vs. HT29 cells cultured alone, all data are shown as 

scatter dot plots with mean+SEM (n=4-7). (A) Concentration-dependent effects of CDC on gene 

expression of CDH1, VIM, TWIST1, ZEB1, FIN1 and RHOA in HT29 cells cultured with platelets: 

**P<0.01 vs. HT29 cells alone (multiple unpaired t test), *P<0.05, #P<0.01 vs. HT+PLT (vehicle) 

(mixed-effects analysis followed by Tukey test for multiple comparisons). (B) Heat map of % Control 

(vehicle) (mean) values of 12-HETE biosynthesis and gene expression vs. increasing CDC 

concentrations. (C) Reduction of 12-HETE biosynthesis in HT29 cell-platelet cocultures by baicalein 

and esculetin (3 M); **P<0.01 vs. vehicle (n=3-4) using one-way ANOVA and Dunnett’s multiple 

comparisons test. (D) Effects of baicalein or esculetin (3 M) on gene expression of CDH1, VIM, 

TWIST1, ZEB1, FIN1 and RHOA in HT29 cells cultured with platelets; **P<0.01 vs. HT29 cells 

alone (multiple unpaired t-test), #P<0.01, *P<0.05 vs. vehicle (n=4-7) (mixed-effects analysis 

followed by Tukey test for multiple comparisons). 

Figure 3. Effects of exogenous 12 S-HETE on the expression of mesenchymal genes and GPR31 

in HT29 cells. HT29 cells (HT, 1x106) were incubated with exogenous 12S-HETE (10, 30, and 100 

nM ) for 4 and 20 hrs. (A-G) The gene expression of CDH1, VIM, TWIST1, ZEB1, FIN1, RHOA, 

and GPR31 was assessed by qRT-PCR and normalized to GAPDH mRNA levels; values are reported 

as fold-change vs. HT29 cells cultured alone in the presence of DMSO vehicle, all data are shown as 

scatter dot plots with mean+SEM (n=6, 7); *P<0.05, **P<0.01 vs. vehicle (two-way ANOVA 

followed by Tukey's multiple comparisons test). 
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Figure 4. 12-HETE-esterified in PLs of HT29 cells pre-exposed to platelets and in platelets. (A) 

In the cell pellet of HT29 cells pre-exposed to platelets (HT29 from HT+PLT) and of platelets 

cultured alone (PLT) the levels of PE18:0a_12-HETE, PE18:0p_12-HETE, PE16:0p_12-HETE, 

PE18:1p_12-HETE, PC16:0a_12-HETE, and  PC18:0a_12-HETE were assessed by LC-MS/MS; 

data are reported as the total amount (ng), all data are shown as scatter dot plots with mean+SEM, 

n=6, 7; **P<0.01 vs. the same PL detected in  HT29 cells; §P<0.01 vs. PE18:0p_12-HETE and 

PE16:0p_12-HETE of HT29 cells (using one-way ANOVA and Tukey's multiple comparisons test). 

(B) The percentage of 12-HETE esterification to total 12-HETE (i.e., free and esterified forms) was 

calculated in HT29 cells pre-exposed to platelets (HT) and in platelets alone (PLT); all data are shown 

as scatter dot plots with mean+SEM, n=6, 7; **P<0.01 vs. PLT (unpaired t-test, two-tailed).  

Figure 5. Effect of exogenous free 12-HETE on the generation of esterified 12-HETE in PLs of 

HT29 cells. (A) HT29 cells (1x106 cells) were incubated with 12-HETE-d8 (50ng/ml, corresponding 

to a total 100 ng) up to 4 hrs, then, the levels of 12-HETE-d8 were assessed in the conditioned medium 

and intracellularly (in the HT29 cell pellets) by LC-MS/MS; results are reported as the total amount 

(ng), all data are shown as scatter dot plots with mean+SEM, n=3-6;**P<0. 01 vs. time 0 (using one-

way ANOVA and Tukey's multiple comparisons test). (B) HT29 cells (1x106) were cocultured with 

platelets (1x108) for 20 hrs in the absence or presence of 12-HETE-d8 (50 ng/ml, corresponding to 

total 100 ng), and the levels of all forms of esterified 12-HETE (12-HETE PLs and 12-HETE-d8 PLs) 

were assessed in the cell pellet of HT29 cells by LC-MS/MS; results are reported as the sum of all 

species of esterified 12-HETE (as the ratio of the peak areas of the metabolite and its internal standard, 

IS), all data are shown as scatter dot plots with mean+SEM, n=3, **P<0.01 vs. 12-HETE-d8 PLs 

(using two-way ANOVA and Tukey's multiple comparisons test).      

Figure 6. Characterization of mEVs generated during the interaction between platelets and 

cancer cells. mEVs were isolated from the conditioned medium of HT29 cells cultured alone (HT) 

or with platelets (HT+PLT) and assessed by flow cytometry for the positivity to CD41, CD66, and 

Annexin V. (A) The percentage of EVs positive to CD41 and CD66 is reported; all data are shown as 
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scatter dot plots with mean+SEM, n=3; **P<0.01 vs. CD41+ mEVs. (B) The count of CD41+ mEVs 

in the medium of coculture at 2 and 20 hrs was assessed; results are reported as CD41+ mEV/l, all 

data are shown as scatter dot plots with mean+SEM, n=5-9; **P<0.01 vs. HT alone. (C) The count 

of CD41+ AnnexinV+ MPs in the medium of coculture at 2 and 20 hrs was assessed; results are 

reported as CD41+ AnnexinV+ mEVs/l,  all data are shown as scatter dot plots with mean+SEM, 

n=6-13; **P<0.01 vs. HT alone. (D, E) Western Blot analysis of 12-LOX and -actin in mEVs 

isolated from the conditioned medium of HT+PLT (D) or from the releasate of thrombin-stimulated 

platelets(E); platelets (PLT) were loaded into the gels as a positive control for the 12-LOX. (F) mEVs 

isolated from the releasate of thrombin-stimulated platelets (250000 mEVs in 250 L of HEPES 

buffer) were incubated with and without AA (30M) for 30 min 37°C, and the levels of 12-HETE 

were assessed in the medium by LC-MS/MS; results are reported as the total amount (ng), all data 

are shown as scatter dot plots with mean+SEM, n=7-9; **P<0.01 vs. mEVs.   (A and F) unpaired t 

test (two-tailed) was used; (B and C) Two-way ANOVA with Tukey’s multiple comparisons test was 

used. 

Figure 7. 12-LOX is expressed in circulating mEVs of patients with adenomas/ 

adenocarcinomas. Whole blood samples were collected from eight patients with colorectal 

adenomas or adenocarcinomas, and mEVs were isolated from plasma as previously described [48] 

while washed platelets were obtained from PRP. Pellets of platelets and mEVs were homogenized 

and subjected to repeated freeze-thaw cycles, and after centrifugation, the supernatant was analyzed 

for 12-LOX by a commercially available ELISA kit. Values were normalized by the corresponding 

protein concentration; all data are shown as scatter dot plots with mean+SEM (n=8), **P<0.01 vs. 

platelets; unpaired t-test (two-tailed). 

Figure 8. Platelet-derived mEVs generated during the coculture were internalized by HT29 

cells. (A-E) HT29 cells (1x106) were incubated with CFSE-loaded platelets (1x108) up to 20 hrs. At 

the end of the incubation, cancer cells were washed, harvested by trypsin, and resuspended in 100 l 
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of PBS and analyzed for the CFSE fluorescence signal by flow-cytometry (A, D) or Amnis imaging 

flow-cytometry (B, C). (A) Flow cytometry dot plots represent CFSE negative (red) and positive 

(purple) HT29 cells cultured alone or with CFSE-loaded platelets for 20 hr, respectively. (B, C) HT29 

cell suspension was analyzed by Amnis imaging flow-cytometry for CFSE fluorescence; the 

representative images of cells which internalized CFSE+ mEVs are reported (B), and the percentage 

of cells with internalized CFSE+ mEVs to total CFSE+ cells are shown (C), all data are shown as 

scatter dot plots with mean+SEM, n=4; **P<0.01 vs. HT alone. (D) HT29 cells were cocultured with 

CFSE-loaded platelets in the presence of vehicle (DMSO) or dm-amiloride (250 M) for 20 hrs; at 

the end of the incubation, cancer cells were harvested and analyzed for CFSE signal by flow-

cytometry after trypan blue quenching; data are reported as % of cells with internalized CFSE+ mEVs 

vs. control (HT+PLT, vehicle), all data are shown as scatter dot plots with mean+SEM, n=4, **P<0.01 

vs. vehicle. (E, F) Western blot analysis of 12-LOX in HT29 cells cultured with platelets in the 

presence of vehicle (DMSO) or dm-amiloride (250 M) for 20 hrs; the optical density of 12-LOX 

bands was normalized with those of -actin, and results are reported as % of control (vehicle), all 

data are shown as scatter dot plots with mean+SEM, n=3, *P<0. 05 vs. vehicle. (C) Two-way ANOVA 

with Tukey's multiple comparisons test and (D and F) unpaired t-test (two-tailed) were used. 
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